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13.  ABSTRACT 


Controlled  laboratory  tests  usi^j  galvanostatic  resistance  polarization  techniques 
have  provided  generally  reliable,  reproducible,  and  accurate  indications  of  the 
instantaneous  rate  of  metal  surface  dissolution.  This  investigation  sought  to  des,ci;i 
and  test  an  apparatus  for  use  in  operating  environments  to  reliably  and  accurately 
indicate,  by  galvanostatic  resistance  polarization  techniques,  the  metal  surface 
corrosion  rate.  Cathodic  and  anodic  resistance  polarization  data  were  obtained  f 

within  ±10  millivolts  of  the  steady-state  corrosion  potential  in-  both  a  laboratory 
and  the  experimentally  designed  test  cells  at  24  hour  intervals  during  the  120  test 
hours.  Using  too  high  purity  iron  specimens  with  different  impurity  content,  tests 
were  conducted  in  hydrogen  saturated  and  aerated  environmc'.ts  of  IN  and  0.1M  sulfuric 
acid  and  3%  sodium  chloride/0. 5N  potassium  sulfate.  In  the  experimental  tost  cell,  < 

resistance  polarization  data  we re  obtained  at  various  cathode-to-anod<_  surface  area  t 

ratios.  Both  graphical  and  computerized  linear  regression  techniques  were  used  to  ( 
determine  specific  run  and  average  polarization  resistance  values.  Indicated  * 

corrosion  rates  were  calculated  using  the  Stern-Gear/  relationship  and  Faraday's  law.  j 
Weight- loss  tests  were  conducted  simultaneously  with  resi.-.ta.'v.  -  po  larization  tests  to  j 
provide  comparative  "actual"  corrosion  rate  information.  In  a  if!'? an,  actual  J 

corrosion  penetration  measurements  were  made  and  photomicrograj -  <t  ake n  to  show  the  j 
extent  of  localized  attack.  In  both  laboratory  and  oxperinu  ~t  t'l.  U  ' t  cells,  heth  j 

cathodic  and  anodic  resistance  polarization  techniques  appeccd  to  .  ;cu  cattily  | 

indicate  the  metal  surface  dissolution  rate.  Corrooic n  rat..  -  determined  Iroin  weight-  j 
loss  tests  were  consistently  higher  than  those  determined  by  z: distance  | 

l£PH  attached  siteut)  * 
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polarization  techniques.  Similarly ,  actual  penetration  was  ouch  greater  than 
indicated  by  either  resistance  polarization  or  weight- loss  tests.  Ltcaiized 
attack  -  intergranular,  pitting,  and  crevice  attack  -  could  not  te  eliminated 
from  either  corrosion  rate  indicating  system.  Actual  corrosion  damage  *?es 
found  most  dependent  upon  grain  orientation,  electrolyte  agitation,  and  the 
specific  impurity  content.  A  correlation  was  observed  between  the  ’ariation 
of  steady-state  corrosion  potential  and  instantaneous  indicated  corrosion 
rate  with  time. 
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Preface  , 

I  have  ch,osen  to  investigate  corrosion  as  .  result  of 
my  experience  in  U.  S.  Coast  Guard  aviation  where  a  great 
majority  of  recurring  and  time-consuming  maintenance  effort 
is  directed  toward  corrosion  control.  If  I  am  more  able  to 
contribute  to  the  successful  control  of  future  Coast  Guard 
corrosion  problems  as  a  result  of  my  research  efforts,  I 
will  consider  such  efforts  worthwhile.  In  addition,  I  hope 
that  the  data  accummulated,  the  analysis  offered,  and  the 
conclusions  drawn  may  be  useful  to  future  corrosion 
researchers . 

This  research  effort  is  my  first  within  the  corrosion 
field  and  represents  many  hours  of  successful  and,  more 
often  than  not,  unsuccessful  laboratory  experimentation  to 
support  the  learning  acquired  from  many  hours  of  library 
research.  Although  much  experimentation  has  been  done  by 
others  and  much  literature  published  which  could  have  served 
to  guide  my  efforts,  this  investigation  could  not  have  been 
completed  without  the  guidance  and  encouragement  of  Dr. 

James  R.  Myers.  To  him  I  am  especially  grateful.  In  addi¬ 
tion,  I  am  indebted  to  Mr.  Sylvester  G.  Lee  for  his  technical 
assistance  and  supply  support;  Mr,  Jim  Ray  of  the  Aerospace 
Research  Laboratories  for  providing  the  necessary  glasswork; 
the  AFIT  School  Shops  personnel  for  their  technical  sugges¬ 
tions  and  assistance  in  fabrication  of  the  experimental 
apparatus;  and  Mr.  Joseph  Cain  for  his  data  treatment  and 
analysis  assistance.  Finally,  to  my  wife  and  family  should 
go  much  of  the  credit  for  any  degree  of  success  which  I  may 
have  achieved. 
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Controlled  laboratory  tests  using  galvanostatic  resist¬ 
ance  polarization  techniques  have  provided  generally  reliable, 

reproducible,  arid  accurate  indications  of  the  instantaneous 

j 

rate  of  ii\etal  surface  dissolution.  ~~  This  investigation  sought 
to  design  and  test  an  apparatus  for  use  in  operating  environ¬ 
ments  to  reliably  and  accurately  indicate,  by  galvanostatic 
resistance  polarization  techniques,  the  metal  surface  corro¬ 
sion  rate.  Cathodic  and  anodic  resistance  polarization  data 
were  obtained  within  ±10  millivolts  of  the  steady-state 
corrosion  potential  in  both  a  laboratory  and  the  experimentally 
designed  test  cells  at  24  hour  intervals  during  the  120  test 
hours.  Using  two  high  purity  iron  specimens  with  different 
impurity  content,  tests  were  conducted  in  hydrogen  saturated 
and  aerated  environments  of  IN  arid  0.1N  sulfuric  acid  and  3$ 
sodium  chlorid’e/0 . 5N  potassium  sulfate.  In  the  experimental 

test  cell,  resistance  polarization  data  were  obtained  at 

\ 

various  cathode-to-anode  surface  area  ratios.  Both  graphical 
and  computerized  linear  regression  techniques  were  used  to 
determine  specific  run  and  average  polarization  resistance 
values . vindicated  corrosion  rates  were  calculated  using  the 
Stern-Geary  relationship  and  Faraday’s  law.  -Weight- loss  tests 
were  conducted  simultaneously  with  resistance  polarization 
tests  to  provide  comparative  f,actual”  corrosion  rate  informa¬ 
tion.  In  addition,  actual  corrosion  penetration  measurements 
were  made  "and  photomicrographs  taken  to  show  the  extent  of 
localized  attack.  In  both  laboratory  and  experimental  test 
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cells,  both  cathodic  and  anodic  resistance  pqlai fiat ion 

\ 

techniques  appeared  to  accurately  indicate  the  'ietal  surf}  ce 
dissolution  rate.  Corrosion  rates  determine*  fro*?  weight -ics 
tests  were  consistently  higher  than  those  de\enr h>?\  vy 
resistance  polarization  techniques .  Sikilayly ,  actt  *1  pener 

tration  was  much  greater  than  indicated  S  either  reFistaric.f 

\ 

polarization  Or  weight-loss  tests.  If;  *lized  attack  -  inter¬ 
granular,  pitting,  and  crevice  attack  -  could  hot  be  eliminate 
from  either  corrosion  rate  indicating,  system.  Actual  corro¬ 
sion  damage  was  found  most  dependent  upon  grain  orientation, 
electrolyte  agitation,  and  the  specific  impurity  content;  r 
A  correlation  was  observed  between  the  variation  of  steacly- 
state  corrosion  potential  and  instantaneous  indicated  corro¬ 
sion  rate  with  time. 
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INVESTIGATION  OF  FACTORS  ' 

AFFECTING’ CORROSION  RATE  DETERMINATIONS 
BY  RESISTANCE  POLARIZATION 

I .  Introduction 
Statement  of  the  Problem 

Corrosion  can  be  defined  as  destruction  or  deteriora¬ 
tion  of  a  metal  surface  V'  the  result  of  some  reaction, 
normally  electrochemical,  with  the  local  environment^’  ^  . 
Not  all  corrosion  is  undesirable,  e.g.  the  formation  of 
protective  aluminum  oxide  on  the  surface  of  aluminum;  how¬ 
ever,  most  corrosion  is  undesirable.  Although  damage  may 
be  limited  to  marring  the  appearance  of  a  metal  surface, 
corrosion  may  (1)  cause  contamination  of  a  system,  (2)  cause 
increased  operating  and  maintenance  costs,  (3)  impair  safety, 
or  (4)  ultimately  lead  to  work  stoppages  and  equipment  shut¬ 
down  . 

One  corrosion  mechanism,  general  corrosion  or  uniform 
attack,  is  considered  responsible  for  more  tonnage  of  metal 
deterioration  than  any  other  form  of  corrosion^.  Because 
of  the  material  loss  attributed  to  uniform  attack,  this  form 
of  corrosion  has  been  a  topic  of  great  concern  in  recent 
years.  However,  with  the  advancement  of  corrosion  knowledge 
and  the  development  of  new  alloys,  the  problem  of  equipment 
failure  due  to  general  corrosion  nas  somewhat  diminished. 
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By  designing  a  structure  of  different  material,  a  desired 
equipment  life  can  be  assured  and  uniform  attack  problems 
minimized.  However,  economic  considerations,  cost  and 
material  availability,  and  operating  restrictions  such  as 
weight  and  balance  may  limit  application  of  such  a  procedure. 

In  addition,  economic  circumstances  can  and  do  change. 
More  effective  corrosidn  control  may  become  necessary  to 
increase  operating  life  beyond  that  for  which  equipment 
was  originally  designed.  Similarly,  economic  considerations 
may  necessitate  an  equipment  life  which  is  beyond  that  for 
which  the  equipment  can  be  designed  unless  effective  corro¬ 
sion  control  techniques  are  continuously  developed  and  used. 
Finally,  with  technological  advances  and  new  products,  steps 
may  be  necessary  to  minimize  or  alter  the  corrosion  pro¬ 
cesses  within  existing  systems  to  prevent  contamination  of 
the  new  product  or  alteration  of  its  properties  (e.g.  JP-7 
thermal  stability  may  be  reduced  by  the  presence  of  certain 
metallic  ions) . 

The  most  desirable  method  of  guaranteeing  longer  equip¬ 
ment  life  would  be  to  eliminate  undesirable  corrosion  damage 
completely;  but,  at  present,  there  is  no  known,  all-inclusive 
"cure"  for  corrosion.  As  a  result,  and  until  suitable  pre¬ 
ventive  measures  are  found,  efforts  will  continue  to  be 
directed  at  the  control  and  minimization  of  corrosion. 

Corrosion  control,  like  other  optimization  efforts 
where  economic  considerations  play  an  important  role,  involves 
the  minimization  of  some  selected  undesirable  quantity, 
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subject  to  certain  identifiable  constraints'.  Before  opti¬ 
mization  efforts  can  begin,  certain  preliminary  require¬ 
ments  must  be  satisfied.  First,  the  form  or  forms  of 
corrosion  involved  must  be  identified.  Because  of  the 
tonnage  of  material  loss  attributed  to  uniform  attack  and 
because  of  the  continuing  need  to  provide  effective  control 
against  uniform  attack,'  this  form  of  corrosion  was  chosen 
for  investigation. 

Next,  an  adequate  measure  of  the  existence  of  corrosion, 
specifically  uniform  attack,  must  be  available.  Because 
uniform  attack  is  seldom  absent,  a  qualitative  indication 
of  the  presence  or  absence  of  corrosion  is  considered 
insufficient;  an  effective  quantitative  measure  is  needed. 
Corrosion  rate  (e.g.  mils/year  or  microns/year)  has  been 
accepted  and  widely  used  to  indicate  the  extent  of  uniform 
attack. 

Another  important  prerequisite  of  efforts  to  minimize 
uniform  attack  is  that  suitable  techniques  must  be  avail¬ 
able  by  which  to  measure  corrosion  rate.  The  technique  or 
techniques  chosen  should  provide  accurate,  reliable,  and 
reproducible  data  during  appropriate  real  time  or  accelerated 
tests.  One  electrochemical  technique,  the  resistance  polari¬ 
zation  method,  has  been  used  to  provide  instantaneous  corro¬ 
sion  rate  information;  however,  the  success  realized  has 
been  only  partial.  Closely  controlled  laboratory  tests 
using  resistance  polarization  techniques  have  achieved  ade¬ 
quate  levels  of  reliability,  reproducibility,  and  accuracy. 
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However,  attempts  to  achieve  acceptable  results  under 
actual  operating  conditions  have  been  much  less  success¬ 
ful.  It  is  these  corrosion  rates,  occurring  during  actual 
operations,  in  which  a  user  is  concerned.  Determining  the 
availability  of  and  providing  reliable,  reproducible,  and 
accurate  instantaneous  corrosion  rate  information  economi¬ 
cally  and  in  a  useable  form  is  the  essence  of:  the  problem 
toward  which  this  investigation  was  directed. 

Research  Objectives 

The  ultimate  goal  of  this  research  was>  to  determine 
if  and  how,  under  normal  operating  conditions,  resistance 
polarization  methods  could  be  used  to  provide  accurate,  reli¬ 
able,  and  reproducible  indications  of  the  instantaneous  rate 
of  uniform  attack  upon  metal  surfaces  immersed  in  aqueous 
environments.  Achievement  of  such  a  goal  was  considered 
beyond  the  scope  of  this  investigation  due  to  time  and  data 
availability  limitations.  As  a  result,  this  research  effort 
was  limited  to: 

1.  Attempted  design  of  an  apparatus  which  would  indi¬ 
cate  the  instantaneous  rate  of  uniform  attack  of  iron  immersed 
in  selected  aqueous  environments  for  use  outside  the  labora¬ 
tory. 

2.  The  investigation  of  the  effects  of  specimen  size 
and  composition  on  the  indicated  corrosion  rates  compared 
with  laboratory-determined  corrosion  rates. 
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3.  The  investigation,  of  the  effects  of  aqueous, 
environment  concentration  on  indicated  corrosion  rates 
compared  with  laboratory' determined  corrosion  rates., 

4.  The;  investigation  of  the  effects,  of  environment 
aeration  upon  indicated  corrosion  rate  compared  with 
laboratory- determined  corrosion  rates  in  similarly  aerated 
environments. 

‘5.  The  investigation,  of  the  corrosion  rates  indicated 
by  both  anodic  and  cathodic  resistance  polarization  tech¬ 
niques,. 

Preliminary  Assumptions 

This  research  effort  was  begun  based  upon  certain  ini¬ 
tial  assumptions.  An  additional  research  goal  was  to  deter 
mine  the  validity  of  these  assumptions.  For  this  study,  it 
was  assumed  that: 

1.  Electrochemical  methods ■ could  be  used  to  predict 
the  rate  at  which  uniform  attack  of  a  metal  surface  proceeds. 

2.  Results  of  weight  loss  tests  were  an  accurate  base¬ 
line  upon  which  to  evaluate  the  rates  of  uniform  attack 
determined  by  other  methods. 

3.  Resistance  polarization  provided  an  accurate  and 
reliable  method  to  measure  the  instantaneous  rate  of  uniform 
attack  in  laboratory  tests. 

4.  Techniques  based  upon  resistance  polarization 
methods  could  be  used  to  achieve  some  measure  of  instantaneous 
corrosion  rates  under  operating  conditions,  although  the  use¬ 
fulness  of  the  determined  rate  information  was  not  known 
initially. 
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5.  The  results  of  corrosion  rate  tests  obtained  for  a 
given  material  were  representative  of  the  results  which  would 
be  obtained  for  similar  materials  under  similar  environmental 
conditions . 

6.  Triplicate  results  were  sufficient  to-  establish 
meaningful  reproducibility. 

7.  During  resistance,  polarization  tests,  the.  entire 
specimen  surface  was  either  primarily  anodic  or  cathodic. 

8.  The  initial  exposed  specimen  surface  area  remained 
essentially  unchanged  and  could  be  used  for  corrosion  current 
density  calculations  for  the  entire  test  duration, 

9.  For  the  materials  and  environments  used  in  this 
investigation,  120  hours  was  considered  sufficient  to  achieve 
steady-state  corrosion  rates. 

10.  The  actual  corrosion  process  was  not  significantly 
altered  by  the  resistance  polarization  techniques  used  to 
obtain  laboratory  data. 
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II.  Background,  Theory,  and  Current  Thought 
The  Corrosion  Cell 

A  corrosion  cell  requires  the  presence  of  four  con¬ 
stituents:  (1)  an  anodic  surface,  (2)  a  cathodic  surface, 

(3)  an  environment  capable  of  conducting  direct  current, 

and  (4)  a  current  path  between  anode  and  cathode  external  to 

(2) 

that,  environment  •  Consider  the  basic  corrosion  cell 
(Fig.  1)  in  which  two.  metal  surfaces,  A  and  Cs, -are  completely 

immersed  within  an  aqueous  environment  ♦ '{  . - — ? - 

These  surfaces  may  ;be  of  different 
metals  or  different  areas  on  the  same 
metal  surface.  Each  surface  has  an 
open  circuit  potential,  E&  or  Ec, 
relative  to*  some  standard  reference 
electrode.  If  the  potentials  are 
not  equal  (E~  ?  E  ) ,  a  current  will  tend  to  flow  from  the  more 
negative  potential  (E&)  of  the  anodic  surface  through  the 
aqueous  environment,  the  electrolyte,  to  the  more  positive 
potential  (Ec)  of  the  cathodic  surface  when  the  external 
circuit  is  closed  (Fig.  2). 

This  current  flow  corres¬ 
ponds  to  the  flow  of  electrons 
from  the  anodic  surface  to  the 
cathodic  surface  through  the 
external  current  path.  Associa¬ 
ted  with  this  electron  flow  is 

the  occurrence  of  anodic  and  cathodic  reactions.  The  anodic 


Figure  2 :  Simplified  Corrosion 
S  Coll- Closed  External  Circuit 


Figure  I :  amplified  Corrosion  Cell  -  j 
_ Open  External  Circuit  1 


\ 
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reaction,,  shown  in  Eq  (1).,  involves  the  oxidation  o£  the 
anode  surface.  It  is  by  this  reaction  that  metal  ions  are 
provided  to  the  electrolyte  at  the  anodic  surface. 

M- — ►  M+n  +  ne"  (1) 

The  cathodic  reaction  is  not  as  simply  defined..  In  general, 
the  cathodic  reaction  is  a  reduction  reaction  during  which 
electrons  are  gained.  Depending  upon  environmental  condi¬ 
tions,  this  reaction  commonly  involves  hydrogen  ion  or 
oxygen  reduction.  Hydrogen  ibn  reduction  (Eq  (2))  commonly 
occurs  when  acidic  aqueous  environments  are  involved.  In 
neutral  or  alkaline  environments,  a  common  cathodic  reaction 
is  the  reduction  of  oxygen  (Eq  (3))^. 


2H+  +  2e" * 

— *-2H  — 

(2) 

2H20  ♦  02 

+  4e’  — 

-MOH' 

(3) 

It  should  be  noted  that  more  than  one  oxidation  or  reduction 
reaction  may  occur  on  the  anodic  or  cathodic  surface,  respec¬ 
tively.  Such  multiple  reactions  may  serve  to  increase  or 
decrease  the  corrosion  rate,  but  the  basic  corrosion  mechan¬ 
ism  remains  unchanged.  The  effects  of  multiple  oxidation 
and  reduction  reactions  on  corrosion  rate  are  discussed  in 
a  subsequent  section. 

With  the  external  circuit  closed,  the  potential  differ¬ 
ence  between  anodic  and  cathodic  regions  will  decrease 
(i.e.,  the  cathodic  potential  becomes  more  negative,  while 
the  anodic  potential  becomes  less  negative) .  This  potential 
shift  away  from  equilibrium  resulting  in  a  current  flow 
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is  called  ’’polarization."  Polarization  continues  until  a 
steady-state  condition  is  reached.  At  this  point  the  cell 
has  achieved  an  "equilibrium  corrosion  potential",  Ecorr, 
and  corrosion  current  density.,  i'corr*  .Figure  3  is  a  simpli¬ 
fied  representation  of  the  polarization  process  and  suggests 
.the  electrochemical  nature  of  uniform  attack. 


Electrochemical  Corrosion  Theory 

The  correlation  between  electrochemical  data  and  metal 

surface  corrosion  rate  was  first  discussed  by  Whitney^  in 

(S') 

1903.  In  1932,  Evans  and  Hoarv  '  suggested  a  relationship 
between  the  amount  of  metal  dissolution  and  corrosion  cell 
current  flow.  In  1938,  Wagner  and  Traud^  discussed  the 
mixed  potential  theory  which  forms  the  basis  for  much  of 
today's  corrosion  theory.  The  mixed  potential  theory  is  based 
upon  th  hypotheses  (1)  that  an  electrochemical  reaction  is 
the  sum  of  two  or  more  partial  oxidation  and  reduction  react¬ 
ions,  and  (2)  that  during  an  equilibrium  corrosion  process 
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on  an  immersed  isolated  metal  surface  the  rate  of  oxidation 
equals  the  rate  of  reduction^ - 

•'According  to  the  second  hypothesis,  an  isolated  immersed 
metal  surface  in  equilibrium  with  its  metal  ions  will  have  a 
characteristic  potential  compared  to  some  known  reference. 

At  this  equilibrium  potential,,  the  rates  of  oxidation  .(rQ) 
and  reduction  (r  )  occurring  on  that  metal  surface  will  be 
equal  and  no  net  current  flow  exists.  By  using  Faraday’s 


law, 


ro  ’  rr  =  VnF' 


(4) 


where  n  is  the  number  of  electrons,  per  transfer  and  F  is 
Faraday’s  constant,  the  exchange  current  density,  i0>  can  be 
determined.  Although  no  current  actually  flows,  the  exchange 
current  density  is  a  measure  of  the  "equilibrium"  reaction 
rate  on  the  metal  surface  and  is  characteristic  of  the  mater¬ 
ial  and  the  environment,  i.e.  the  oxidation  and  reduction 
reactions  involved.  It  should  remain  nearly  constant  until 
the  cell  environment  is  altered  sufficiently  to  cause  changes 
in  the  oxidation  and  reduction  reaction  rates. 

If- two  metal  surfaces  are  placed  in  a  "corrosion  cell", 
one  surface  will  tend  to  be  anodic  and  will  involve  a  reaction 
between  metal  and  metal  ions.  The  other  surface  will  tend  to 
be  cathodic  and  some  element,  commonly  hydrogen  ions  or  oxygen, 
will  be  reduced.  By  the  first  hypothesis  of  the  mixed  poten¬ 
tial  theory,  each  surface  has  an  equilibrium  potential,  E 

3 

or  E  ,  and  a  corresponding  exchange  current  density,  ina  or 

C  03 

ioc.  At  the  anodic  surface,  metal  and  metal  ions  will  be  in 
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equilibrium,  for  example 

Zn  Zn++  +  2e" 

while  at  the  cathodic  surface,  assuming  a  deaerated  acid 
environment  for  example,  hydrogen  ions  and  hydrogen  will 
be  in  equilibrium. 

2H+  +  2e"  5F=£r  2H  x=^H2  (6) 

By  considering  the  first:  hypothesis  of  the  mixed  poten¬ 
tial  theory,  these  partial  oxidation  and  reduction  reactions1 
may  be  summed  to  form  the  resulting  corrosion  cell  reaction. 
Typical  partial  reactions  [Figs.  4  and  5]  for  the  surfaces  on 
which  metal  and  hydrogen  reactions  occur  may  be  summed  to 
form  the  total  cell  reaction  (Fig.  6).  The  point  at  which 
oxidation  and  reduction  reaction  rates  are  equal  determines 
the  characteristic  E„„„„  and  i^„.  This  ’’equilibrium"  can 
only  occur  when  the  reduction  reaction  occurs  at  the  cathodic 
surface  and  the  oxidation  reaction  at  the  anodic  surface..  This 
corresponds  to  the  EcQrr  and'iCQrr  intersection.  The  resulting 
corrosion  current  density,  icorr>  is  a  measure  of  the  rate  of 
metal  ion  dissolution,  i.e.  the  general  corrosion  rate. 
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This  discussion  has  described  the  corrosion  process  in 
terms  of  the  hypotheses  of  the  mixed  potential  theory.  As 
with  many  theoretical  models,  actual  experimentation  may  be 
influenced  by  several  variable  factors.  The  corrosion  process 
is  no  exception.  Numerous  variable  factors  affect  the  actual 
rate  of  metal  surface  uniform  attack.  The  influence  of 
certain  variables  may  cause  actual  corrosion  rates  to  vary 
widely  from  theoretically  predicted  results. 
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Variables  Affecting  Cor~ sion  Rate 

The  actual  rate  of  unifor.-"  attack  may  vary  considerably 
due  to  changing  electrochemical,,  metallurgical,  or  environ¬ 
mental  factors.  In  aculiion,.  ihcicated  corrosion  rates  may 
vary  due  to  undesirable  .variables  introduced  by  the  corrosion 
rate  observation  techniques.  As  a  result,  indicated  corro¬ 
sion  rates  may  vary  considerably.  Because  this  study  was 
directed  at  investigating  several  variable  factors  and  their 
effect  upon  indicated,  corrosion  rate,  a  discussion  of  vari¬ 
able  factors  is  included. 

Electrochemical  Factors .  The  rate  at  which  reactions 
can  occur  within  a  corrosion  cell  may  be  limited  by  numerous 
factors .  The  limitation  of  the  rate  at  which  a  reaction 
can  proceed,  is  called  polarization,  either  activation  or  con¬ 
centration  polarization.  An  electrochemical  reaction  which 
is  limited:  only  by  how  fast  the  reaction  sequence  can  occur 
is  subject  to  activation  polarization,  while  a  reaction 
which  cou^d  proceed  faster  but  is  limited  by  the  rate  at 
which  the  constituents  can  diffuse  to  or  away  from  the  reaction 
surface  is  subject  to  concentration  or  diffusion  polarization. 

The  importance  of  the  distinction  should  not  be  over¬ 
looked.  The  effects  produced  by  environmental  variables 
such  as  electrolyte  velocity  and  concentx'ation  may  depend 
largely  upon  the  type  of  controlling  polarization^.  For 
example,  a  reaction  ante  controlled  by  the  rate  of  constituent 
diffusion  may  be  significantly  altered  by  changes  in  electro¬ 
lyte  velocity  or  hydrtyen  ion  concentration.  In  contrast,  a 
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reaction  controlled  by  activation  polarization  may  be 
relatively  insensitive  to  changes  in  these  variables. 
Concentration  polarization  effects  may  also  be 
significant  during  electrochemical  testing  when  high  catho¬ 
dic  currents  are  applied.  Figure  7  shows  typical  charac¬ 
teristics  of  reaction  rate  as  cathodic  overvoltage  (n)  is 
applied.  As  the  overvoltage  is  increased,  the'reactioii 
rate,  converted  into  current  density  using  Faraday’s  law, 
increases  t  *  51 1  a  limiting  value  is  reached.  At  this  point 
the  reaction  is  controlled  by  concentration  polarization. 

'Two  currently-used  electrochemical  methods  for  corro¬ 
sion  rate  determination,  the  Tafel  extrapolation  method  and 
the  resistance  polarization  method,  assume  that  the  corrosion 
process  is  controlled  by  activation  polarization.  However, 
the  Tafel  extrapolation  method  may  require  sufficiently 
large  applied  current  densities  for  concentration  polariza¬ 
tion  to  become  a  controlling  factor.  This  susceptibility 
to  concentration  polarization  provides  one  disadvantage  to 
uje  of  the  Tafel  technique. 


Figure  7:  Polarization  Curve- Activation 
and  Concentration  Polarization  (1) 
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A  second  electrochemical  factor  is  passivity.  Passi¬ 
vity  is  the  loss  of  chemical  reactivity,  i.e.,  the  decrease 
of  corrosion  rate  experienced  by  certain  metal  surfaces 
under  particular  environmental  conditions .  When  passi¬ 
vity  occurs,  the  anodic  surface  tends  to  display  a  more 
noble  behavior,  the  corrosion  potential  increases,  and  the 
corrosion  current  density  decreases  to  a  nearly  constant 
value  which  is  independent  of  the  overvoltage  (Fig.  8). 


Figure  8:  Generalized  Anodic  and  Cathodic  Polarization  Curve  (  3  ) 


A  passive  metal  surface  is  generally  much  more  corrosion 
resistant  than  an  active  methl  surface.  The  higher  and 
more  variable  corrosion  rate  of  an  active  metal  surface 
may  be  the  reason  that  active  metals  have  been  studied 
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more  thoroughly.  Because  corrosion  of  an  active  surface 
can  be  a  greater  problem  than  corrosion  of  a  passive  sur¬ 
face,,  only  active  iron,  surfaces  were  considered  iit -this 
investigation. 

Metallurgical  Variables ♦  The  grain  orientation, 
grain  size,  purity,  heat  treatment,  and  amount  of  cold  work 
in  a  metal  can  influence  corrosion  rate.  Because  areas,  of 
high  energy  tend  to  be  more  active  or  anodic  with  respect  to 
lower  energy  areas  grain  boundaries  tend  to  be  anodic 
compared  to  the  bulk  grain.  Metal  surfaces  with  small 
grains  tend  to  have  more  grain  boundary  area  and  thus  should 
tend  to  have  corrosion  rates  higher  than  surfaces  which  have 
been  heat  treated  to  a  larger  grain  size.  This  difference  may 
be  small.  In  general,  the  ratio  of  bulk  grain  area  to  grain 
boundary  area  is  large  regardless  of  grain  size^9\ 

The  presence  of  impurity  atoms  ..ithin  the  crystalline 
lattice  structure  may  tend  to  affect  corrosion  rate,  although 
investigations  as  to  the  effects  of  such  impurities  have  pro¬ 
duced  varied  and  conflicting  results.  Fontana^  reported 
that  the  corrosion  rate  of  aluminum  increases  by  a  factor  of 
30,000  when  the  purity  is  lowered  from  99.998  to  99.2%.  This 
contradicts  the  views  of  Stern^’  ^  ,  who  found  that  the 
presence  of  impurities  may  have  little  overall  effects  on  the 
corrosion  rate,  and  Greene  and  Saltzman^  ,  who  found  no 
correlation  between  chemical  composition  of  the  metal  under 
observation  and  corrosion  rate.  Greene  and  Clary have 
provided  the  most  thorough  investigation  encountered.  By 
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ipvestigating  53  high-purity  iron  and  steel  alloys,  and 
utilizing  statistical  linear  regression  techniques,  the 
effects  of  adding  various  small  quantities  of  imparity 
(alloying)  elements  were  determined  with  results  ranging 
from  impurities  producing  little  or  no  change  to  the  basic 
corrosion  rate  to  impurities  producing  very  significant 
change  in  the  corrosion  rate. 

Because  no  direct  correlation  exists  between  metallur¬ 
gical  properties  and  indicated  or  actual  corrosion  rate,  and 
because  of  the  varied  opinions  as  to  the  effects  of  metallur¬ 
gical  properties  on  corrosion  rate,  all  tests  conducted  in 
this  investigation  were  done  using  high  purity  iron  with  as 
identical  metallurgical  properties  as  possible  so  as  to 
minimize  the  variations  in  corrosion  rate  which  might  be 
caused  by  differences  in  metallurgical  variables, 

Environmental  Factors.  The  environmental  factors  of 
greatest  concern  in  this  investigation  were  velocity,  temper¬ 
ature,  electrolyte  composition  and  concentration,  degree  of 
aeration,  and  the  area  relationships  of  the  metal  surfaces 
under  investigation. 

The  effects  of  velocity  upon  coirosion  rate  are  complex 
and  are  largely  dependent  upon  electrochemical,  metallurgi¬ 
cal  and  other  environmental  factors.  Figure  9  depicts  the 


typical  relationships  between  velocity  and  corrosion  rate 
Curve  A  shows  a  reaction  controlled  by  cathodic  diffusion 
polarization;  curve  B  shows  a  corrosion  process  controlled  by 
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§£tivation  polarization;  and  curve 
C  shows  the  effects  of  high  velocity 
upon  Corrosion  rate.  Velocity 
effects  were  minimized  in  this  inves¬ 
tigation  by  using  environments  pre¬ 
viously  reported  as  controlled  by 
activation  polarization.  In  addi¬ 
tion,  tile  velocity  of  the  electro¬ 
lyte  was  limited  to  that  random, 
motion  produced  by  aeration  or  deaeration. 

In  most  chemical  processes,,  the  reaction  rate  increases 
with  increases  in  temperature.  The  corrosion  process  is  no 
exception,  as  shown  in  Fig.  10,. 

The  effects  of  temperature  varia¬ 
tion,  were  minimized  throughout 
this  investigation  by  operating 
at  room  temperature  (22°C).  This 
practice  also  minimized  the  tempera¬ 
ture  dependence  of  the  reference 
electrode  potential.  Significant 
potential  variations  could  be 
encountered  if  temperature  fluctuations  over  a  wide  range 
were  permitted. 

Associated  with  the  electrolyte  in  which  the  corrosion 
process  occurs  are  two  variables  which  must  also  be  con¬ 
sidered.  These  variables  are  the  composition  and  concentra¬ 
tion  of  the  electrolytes.  Figure  11  depicts  the  effects  of 


Figure  10:  Effect  of  Temperature! 

on  Corrosion  Rated) 
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pH  upon  the  corrosion  rate  of  iron. 
During  this  investigation  the 
effects  of-  pH  were  observed  by 
varying  the  electrolyte  concen¬ 
tration. 

The  degree  of  electrolyte 
aeration  may  also  cause  the  corro¬ 
sion  rate  to  vary  by  changing  the 
primary  reduction  reaction.  In 


Flaur*'U:  Effects  of  pH  on 

Corrosion  Rate  cf  Iron 


an  acidic,  deaerated  environment  the  cathodic  reaction  is 
normally  the  reduction  of  hydrogen  ions.  At  equilibrium  a 
film  of  hydrogen  tends  to  cover  the  cathode, increasing  the 
resistance  to  current  flow  and  decreasing  the  corrosion 
current  density.  If  the  cell  is  then  aerated,  oxygen  will 
tend  to  remove  the  hydrogen  layer  according  to  a  reaction 
similar  to  Eq  (7).  Thus,  the  closed  circuit  resistance  of 
the  cell  is  lowered  and  the  corrosion  current  density 
increases.  The  indicated  corrosion  rate  should  reflect  this 
change  in  the  degree  of  aeration. 

2H2  +  02— ^2H20  (7) 

•The  size  and  composition  of  the  metal  surfaces  used 
to  electrochemically  predict  corrosion  rates  were  studied. 
During  many  laboratory  determinations  of  corrosion  rate,  a 
noble  metal  (e.g.,  platinum)  is  used  as  the  cathodic  suf- 
face  and  a  standard  half  cell  (e.g.,  the  saturated  calomel 
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electrode);  is  used  as  a  reference  electrode.  This  investi¬ 
gation  examined  the  possibility  of  using  identical  metals 
as  anodic,  cathodic,  and  reference-electrode  surfaces..  In 
addition,  varying  the  cathode-to-anode.  surface,  area  ratio  may 
also  vary  the  actual  and/or  the  indicated  corrosion  rate. 

Many  investigators^-3,  8’  believed  that  accurate 

indications  of  corrosion  rate  were  not  possible  unless  the 
cathodic  surface  was  much  larger  than  the  anodic  surface. 

This  investigation  attempted  to  determine  if  the  corrosion 
rate  indicated  by  the  corrosion  cell  with  electrodes  of 
identical  composition  was  affected  by  the  cathodic-rto-anodic 
surface  area  ratio. 

The  effect  of  electrode  configuration  upon  the  indicated 
corrosion  rate  is  unreported.  Phelps ^  did  report  the  need 
to  maintain  the  reference  and  anodic  surfaces  as  close  as 
possible  to  avoid  any  losses  associated  with  the  electrolyte 
conductivity  (e.g.,  IR  drop).  This  investigation  attempted 
to  determine  a  configuration  which  would  provide  accurate, 
reliable,  and  reproducible  indications  of  corrosion  rate 
using  similar  materials  as  anode,  cathode,  and  reference- 
electrode  surfaces. 

Methods  of  Determining  Corrosion  Rate 

Weight-Loss  Testing.  Long  before  methods  were  available 
for  determining  corrosion  rate  from  electrochemical  data,  the 
need  for  metal  surface  corrosion  rate  information  existed. 

One  of  the  oldest  and  most  widely-accepted  methods  for  deter¬ 
mining  the  rate  of  uniform  corrosion  is  weight-loss  testing, 
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which  allows,  determination  of  an  average  rate  of  uniform 
surface  corrosion  upon  test  completion.  Although  such 
information  may  be  of  value,  it  can  be  misleading. 

{  Several  investigators^*  ^*  have  demonstrated 

that  the  corrosion  rate  of  a  metal  surface  is  hot  constant, 
but  rather  demonsjjates  a  time  dependence  (Fig.  12).  This 
relationship  appears  to  be  of  the  general  exponential  form 


A  -  A  ek/t  (8) 

where  A  is  the  instantaneous 
corrosion  rate  at  time,  t; 

Aq  is  the  steady- state  corro¬ 
sion  rate;  and  k  is  a  factor 
which  determines  the  raite  at 
which  the  steady- state  rate  is 
approached.  Because  AQ  and  k 
may  vary  considerably,  the 
shape  of  the  corrosion  rate  vs.  time  plot  may  also  vary 
considerably. 

The  weight  lost  by  a  test  specimen  during  time,  t,  is 
a  function  of  the  area  beneath  the  plot  of  corrosion  rate 
versus  time.  If  the  steady-state  corrosion  rate  is  achieved 
rapidly  and  the  test  is  of  sufficient  length,  the  results 
of  weight  loss  and  electrochemical  tests  should  be  comparable 
with  weight  loss  test  results  being  slightly  higher.  How¬ 
ever,  if  the  initial  rate  is  high  and  the  rate  of  decay 


Figure  12:  Effect  of  Time  on 
Corrosion  Rate 


21 


GAM/MG/ 7  3- 8 


to  steady  state  conditions  slow,  the  results  of  weight  loss 
te^ts  could  be  considerably  higher  than  the  electrochemically 
determined  instantaneous  steady  state  value. 

Thus,  weight-loss  techniques  provide  accurate  corrosion 
rate  information  only  after  very  lengthy  tests.  Depending 
upon  the  corrosion  rate  of  the  metal  under  investigation, 
these  tests  could7 require  a  year  or  more  to  'complete.  Only 
for  rapidly  corroding  metals  can  accurate  rate  information 
be  obtained  in  relatively-short-time,  weight-loss  tests. 

However,  there  is  no  guarantee  that  an  accurate  measure 
of  uniform  corrosion  attack  will  be  provided  even  after 
lengthy  weight-loss  tests.  Localized  forms  of  corrosion, 
such  as  pitting  and  crevice  corrosion,  :may  also  contribute 
significantly  to  the  total  corrosive  damage.  If  the  rate  of 
uniform  corrosion  is  sufficiently  small  and  the  specimen  is 
subjected  to  considerable  localized  attack,  the  results  of 
weight-loss  tests  may  provide  greatly  distorted  information 
about  the  rate,  of  uniform  attack. 

In  addition,  weight-loss  tests  provide  no  indication  of 
the  corrosion  rate  until  after  test  completion.  An  entire 
system  might  be  damaged  beyond  repair  due  to  an  unexpected 
and  excessively  high  corrosion  rate  before  any  such  damage 
is  indicated  by  weight-loss  tests.  Finally,  if  the  corrosion 
rate  is  subject  to  extreme  fluctuations  or  oscillations  as 
the  result  of  some  change  within  the  "corrosion  cell",  the 
results  of  weight-loss  tests  will  be  unable  to  detect  such 
fluctuations  or  oscillations. 
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For  these  reasons,  a  measure  of  instantaneous  corrosion 
rate  is  desirable.  With  such  a  measure,  an  accurate  deter¬ 
mination  of  the  corrosion  rate  of  even  the  most  slowly 
corroding  metals  can  be  made  in  a  relatively  short  time 
period.  In  addition,  a  corroding  sj  c.tem  can  be  monitored 
continuously  to  detect  changes  or  fluctuations  in  the  corro¬ 
sion  rate  and  steps  may  be  taken  to  reduce  the  rate  during 
periods  when  it  could  otherwise  be  unusually  and  unacceptably 
high. 

Two  of  the  methods  available  for  predicting  the  in¬ 
stantaneous  corrosion  rate  of  a  metal  surface,  the 
Tafel  extrapolation  and  resistance  polarization  methods, 
utilize  electrochemical  data  obtained  during  relatively 
short  duration  tests  to  predict  the  steady-state  corrosion 
rate  for  a  particular  test  material  in  a  test  environment 

with  a  steady -state  corrosion  rate  being  achieved  within  72 

f  121 

to  96  hours  for  most  materials  .  Both  methods  can  be 
used  to  predict  extremely  low  corrosion  rates  and  to  contin¬ 
uously  monitor  corrosion  rate.  However,  the  Tafel  extrapola¬ 
tion  method  does  have  some  definite  disadvantages  which  are 
not  encountered  when  using  resistance  polarization  techniques. 

t 

A  bri.ef  discussion  of  the  Tafel  extrapolation  method  is 
included  to  identify  and  discuss  these  disadvantages. 

Tafel  Extrapolation  Mechod.  A  metal  surface  is  said  to 
exhibit  Tafel  behavior  if  a  plot  of  overvoltage  (n)  versus 
the  logarithm  of  applied  polarization  current  density  takes 
a  shape  similar  to  that  of  Fig.  8.  The  apparently  linear 
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region  beginning  at  approximately  SOmv  of  overvoltage  is 
called  the  Tafel  region  and  is  described  by  the  relationship 

n  =  ±6  log  (9) 

Ao 

which  is  the  tafel  equation.  The  slope  parameter  $  is 
referred  to  as  the  Tafel  slope.  If  the  linear  portion  of 
the  polarization  curve  -is  extrapolated  to  the  equilibrium 
corrosion  potential,  the  corrosion  current  density,  icorr> 
is  obtained.  Since  the  corrosion  current  density  is  fixed, 
equivalent  results  should  be  obtained  using  either  anodic  or 
cathodic  polarization. 

There  are  several  problems  which  arise  when  using  the 
Tafel  extrapolation  method.  First,  the  derivation  of  the 
Tafel  equation  is  based  upon  the  equilibrium  reactions 
occurring  at  a  single  electrode  where,  upon  polarization, 
the  entire  surface  becomes  either  anodic  or  cathodic.  In  a 

corrosion  cell,  both  anodic  and  cathodic  surfaces  exist. 

(2) 

Phelps v  reported  that  the  Tafel  prediction  of  corrosion 
rate  may  be  twice  the  actual  value  if  anodic  and  cathodic 
surface  areas  are  in  a  1:1  ratio.  Thus,  the  value  of  corro¬ 
sion  rate  predicted  by  the  Tafel  extrapolation  method  may  be 
greater  than  the  actual  corrosion  rate.  In  addition,  the 
predicted  rate  may  be  great  y  influenced  by  the  cathode -to- 
anode  surface  area  ratio. 

The  polarization  curve  Tafel  region  is  not  generally 
reached  until  sufficient  current  is  applied  to  produce  approx¬ 
imately  SOmv  overvoltage.  To  achieve  this  overvoltage,  current 
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of  approximately  ten  times  the  corrosion  current  must  be 
applied^*3) .  In  addition,  one  to  two  decades  (orders  of 
magnitude)  of  current  density  should  be  spanned  to  insure 
accurate  Tafel  region  prediction.  Application  of  such  a 
large  'current  may  disturb  the  actual  corrosion  process 
which  is  occurring,  causing  the  validity  of  corrosion  rate 
information  obtained  by  the  Tafel  extrapolation  method  to 
be  questionable .  This  is  particularly  true  of  anodic 
polarization  where  the  applied  current  tends  to  increase  the 
rate  of  metal  dissolution. 

Another  problem  is  created  by  the  magnitude  of  the 
current  density  which  must  be  applied.  The  polarization 
curve  (Fig.  8)  is  constructed  assuming  that  the  entire  pro¬ 
cess  is  controlled  by  activation  polarization.  However,  con¬ 
centration  effects  may  make  it  impossible  to  apply  sufficient 
current  to  accurately  determine  the  slopes  of  the  Tafel 
regions.  Finally,  the  values  of  the  Tafel  slopes,  and  3  , 
are  determined  based  upon  the  assumption  that  single  oxida¬ 
tion  and  reduction  reactions  occur  in  the  corrosion  cell. 

This  may  not  be  a  valid  assumption.  More  than  one  reaction 
may  occur  simultaneously , or  the  predominant  reaction  on  a 
cathodic  or  anodic  surface  may  change^1-3^ .  If  either  occurs, 
the  Tafel  region  may  become  distorted,  rendering  the  results 
of  Tafel  extrapolation  less  than  meaningful. 

For  these  reasons,  the  results  of  Tafel  extrapolation 
tests  may  be  of  questionable  relevance  and  some  other  method 
must  be  used  which  utilizes  the  advantages  of  electrochemical 


25 


GAM/MC/73-8  -  .  . 

methods  while  eliminating  the  disadvantages  associated  with 
the  Tafel  extrapolation  method. 

Resistance  Polarization  Method.  The  resistance  polari¬ 
zation  method  was  developed  by  Stern  and  Geary ^13^  in  1957 
after  other  investigators  ^  had  reported  a  linear 
applied  voltage,  current-density  relationship  in  the  vacinrty 
of  the:  equilibrium  corrosion  potential,  Ecorr,  and  a  correla¬ 
tion  between  the  slope  of  this  relationship  (aE/aI)  and  the 
instantaneous  corrosion  rate  of  the  material.  The  name 
resistance  polarization  arose  from  the  units  of  the  slope  of 
the  linear  potential  versus  applied  current  density  relation- 
ship,  i.e.,  AE/AI  =  volts/amp/cm  of  ohms/cm  .  This  method 
has  been  called  the  ’'linear  polarization  method”  but  recent 
literature  has  used  the  term  resistance-polarization  method. 
This  change  in  terminology  may  be  due,  in  part,  to  recent 
articles  questioning  the  linearity  of  this,  potential  - 
applied  current  relationship^18,  19 ’  28 *  21^ .  Because  of 
the  recent  articles  and  because  resistance  polarization  is 
the  method  upon  which  electrochemical  data  are  used  to  deter¬ 
mine  the  rate  of  uniform  corrosion  within  this  investigation, 
a  thorough  discussion  of , resistance  polarization  is  included. 

The  Stern-Geary  equation  is  derived  based  upon  the 
assumptions  that  the  current  density  is  low  enough  to  ensure 
activation  polarization  and  that  the  resulting  overvoltages 
are  small.  The  reasons  for  these  assumptions  will  become 
apparent  during  the  following  discussion  of  the  Stern-Geary 
equation  derivation.  During  cathodic  polarization  from  the 
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cell  equilibrium  point  (Ecorr»  icor-r)  an  applied  current  of 


1applied  1c  1a 


(10) 


will  flow  (Fig.  13)  and  produce  an  overvoltage,  i.e.  will 
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*  Polarization  Diagram  -  Cathodic  Polarization  (Ref  22)  j 

polarize  the  cell  to  E'.  From  the  Tafel  equation,  an  expres¬ 
sion  for  the  overvoltage  can  be  written  as 

I^corr’E  ^c^corr^  =27?  ln(i,./i,.„,,r)  (11) 


c  corrv 


In  a  similar  manner,  the  expression  for  the  identical  anodic 
overvoltage  can  be  formulated  as 

-ea  log  (ia/icon.)=  -^3  ln(ia/icorr)  (12) 

Solving  these  expressions  for  ic  and  i  and  substituting  them 
into  Eq  (10)  yields 

Applied  ■  2-3  -e'AE/8a)  (13) 


corr 
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By  utilizing  the  assumption  that  the  overvoltage  is 
much  smaller  than  unity,  the  exponential  term  may  be  expanded 


ex  =  1  +  x  +  x2/2!  +  x3/3I  +..., where  x=AE/&. 


and  Eq  (12)  written  as 

^applied  2,3  xcorrAE^Bc+‘*^a^ 

2  3 

where  the  higher  order  terms  (x  / 2 ! ,  x  /3!,.  .  .)  are 
neglected.  This  expression  can  be  written  as 


6a*c 

lAE/iapp2ied^  ^a+^c^  ' 


corr 


which  is  the  normal  form  of  the  Stern-Geary  equation'-15-'  . 

In  a  subsequent  article  Stern ^  demonstrated  that  even  with 
concentration  polarization  the  predicted  corrosion  rates  are 
in  error  by  less  than  401  (a  factor  considered  excellent  by 
corrosion  scientists  and  engineers) . 

Mansfeld  and  Oldham have  questioned  the  Stern-Geary 
derivation  because  it  assumes  that  each  metal  surface  is 
completely  anodic  or  cathodic.  With  extremely  small  applied 
current  densities  and  resulting  overvoltages,  the  possibility 
of  having  both  oxidation  and  reduction  reactions  on  the  same 
metal  surface  does  exist.  This  may  occur  when  the  equilibrium 
corrosion  potential  of  a  cell  is  close  to  either  of  the 
individual  metal  surface  reversible  potentials,  E  or  E  . 

The  result  presented  is  as  follows: 


corr 


[K_  *  E 


corr 


,  _l_i 

Wa  4*>c] 
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where  ba  and  bc  are  equivalent  to  2.3/0a  and  2.3/p_c  respect 
tively  fxom  the  Stern-Geary  equation.  The  terms  repre¬ 
sent  the  potential  differences  between  the  reversible  poten¬ 
tial  of  the  anodic  Cor  cathodic)  surface  .and  the  corrosion 
potential,  Ecort,  e.g.  A* &  =  I Ecorr“Eal •  These  terms  are 
insignificant  and  may  be  neglected  as  long  as  the  corrosion 
potential  is  far  removed  from  the  reversible  potentials.  If 

neglected,  the  resulting  equation  is  the  Stern-Geary  equation. 

f  21) 

In  a  subsequent  article^  J  ,  Mansfeld  and  Oldham  point 
out  that  if  n  =  |  E  '-  Ecorr|  is  the  polarization  overvoltage 
and  if  i  =  f (n )  is  the  shape  of  the  polarization  curve,  the 
equation  for  current  density,  i,  can  be  written  as  a  McLaurian 


expansion  such  that 


*  f(o)+nf' 


2 

+n_ 

(o)+2J 


(o)  TT 


By  considering  the  physical  problem,  several  conditions 
become  apparent.  First,  since  without  an  overvoltage  no 
applied  current  can  exist,  f^  =  0.  Then,  because  of  con¬ 
tinuity  requirements,  f',  £",  .  .  .  cannot  be  infinite. 
Therefore, 

i  =  Cn  +  Dn2  +  En3  +...  (18) 

where  C,  D,  E,  .  .  .  ar^  finite  constants.  Again,  if  n  is 
small  as  it  is  during  resistance  polarization  tests, 


i  «  Cn  (19) 

which  is  a  linear  function  as  predicted  by  Stern  and  Geary. 
Mansfeld  and  Oldham^21^  reiterate  that  their  purpose  in 
writing  was  not  to  discredit  the  Stern-Geary  equation,  but 
rather  to  provide  an  explanation  for  situations  where  a  linear 
relationship  of  the  form  of  Eq  (15)  is  not  encountered. 
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If  it  can  be  assumed  that  the  overvoltage  is  small 
and  that  the  Stern-Geary  equation  is  an  accurate  representa¬ 
tion  of  the  linear  behavior  of  the  overvoltage  versus  applied 
current  relationship  in  the  vicinity  of  the  equilibrium  corro¬ 
sion  potential,  the  question  arises  as  to  whether  there  is 
any  difference  between  the  corrosion  rates  determined  from 
anodic  and  cathodic  polarization.  Similarly,  there  is 
question  as  to  whether  either  of  the  polarization  methods  is 
advantageous  to  the  other.  Theoretically,  both  the  cathodic 
and  anodic  polarization  methods  should  provide  indentical 
results^.  However,  several  reasons  have  been  proposed  as 
to  why  cathodic  polarization  is  advantageous  to  anodic  polari¬ 
zation.  First,  cathodic  polarization  does  not  interfere  with 

the  actual  corrosion  process  where  anodic  polarization  may 

( 2") 

provide  interference^  1 .  Second,  cathodic  polarization  may 
provide  a  greater  linear  region Finally,  previous  investi 
gators  J  agree  that,  in  general,  the  slope  of  the 

cathodic  region  is  less  than  the  anodic  region.  Thus,  a 
given  overvoltage  requires  a  greater  applied  cathodic  current 
density.  As  a  result,  more  data  points  can  be  obtained  and, 
in  general,  greater  accuracy  can  be  realized  in  determining 
the  corrosion  rate  using  cathodic  polarization  during  labora¬ 
tory  tests.  No  quantitative  data  were  found  which  demonstrate 
the  magnitude  of  the  differences  between  the  indicated  corro¬ 
sion  rates  obtained  by  these  methods.  As  a  result,  both 
anodic  and  cathodic  data  were  obtained  in  the  present  study 
in  order  to  evaluate  the  differences  in  the  indicated  corro¬ 
sion  rates  obtained  by  each  method. 
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Two  techniques  may  be  used  to  obtain  polarisation  data. 
The  potentiostatic  technique  involves  the  application  of  a 
controlled,  constant  potential  between  the  anodic  and  cathodic 
surfaces  and  observing  the  resulting  current  flow.  The  gal- 
vanostatic  technique  involves  the  application  of  a  controlled, 
constant  current  between  anodic  and  cathodic  surfaces  and 
observing  the  Tesult'ing  overvoltage.  The  potentiostatic 
technique  permits  investigation  of  the  passive  region;  how¬ 
ever,  it  is  relatively  insensitive  to  current  density  changes 
at  small  values  of  applied  potential  (i.e.,  in  the  range 
where  a  linear  relationship  should  exist) .  The  galvanostatic 
method  does  not  permit  investigation  of  the  passive  region, 
but  it  is  highly  sensitive  at  small  applied  currents. 

Because  resistance  polarization  involves  small  applied  cur¬ 
rents  and  overvoltage  near  the  equilibrium  corrosion  potential, 
i.e.,  within  the  active  region,  the  galvanostatic  technique 
was  considered  to  be  much  better  suited  for  this  investigation. 

In  summary,  of  the  methods  currently  available  to  deter¬ 
mine  the  rate  of  uniform  surface  attack,  the  galvanostatic 
resistance  polarization  method  is  considered  most  desirable. 
This  method  can  provide  large  quantities  of  corrosion  rate 
data  in  a  reasonably  short  time,  can  be  used  to  measure  very 
small  corrosion  rates,  and  can  be  used  to  continuously 
monitor  the  rate  of  uniform  attack  for  a  corroding  system. 

For  these  reasons,  the  galvanostatic  resistance  polarization 
method  was  selected  for  use  in  this  investigation. 
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IIL.  Experimental  Apparatus 

To  determine  corrosion  rates  using  galvanostatic  resis¬ 
tance  polarization,  the  basic  apparatus  used  by  Ffaugen^ 
and  modified  by  Coburn  was  chosen.  This  apparatus  was 
considered  most  suitable  for  several  reasons.  First,  'the 
apparatus  had  provided  accurate  and  reliable  corrosion  rate 
information  during  these  earlier  investigations.  Second, 
the  procedures  for  use'  of  the  apparatus  were  well  documented. 
Thus,  a  metal  used  in  previous  investigations  could  be  rerun 
to  develop  consistent  operator  technique.  This  practice  was 
considered  important  because  Stern-'-  1  reported  that  corro¬ 
sion  rate  determination  is  subject  to  investigator  technique. 

Electrical  Circuitry 

The  electrical  circuitry  is  given  schematically  in  Fig. 
14.  It  is  identical  to  that  used  by  Coburn^^  with  the 
exception  that  an  additional  power  source  was  added  for  use 
when  indications  of  extremely  small  corrosion  rates  were 
sought.  The  regulated  DC  power  source  produced  sufficient 
current  fluctuations  to  interfere  with  the  experimental 
results  at  very  low  applied  current  densities. 

A  constant  current  was  provided  by  the  power  source, 
either  the  regulated  DC  power  supply  (Heathkit  Model  PS- 4) 
or  the  battery  pack,  the  decade-resistance'  bank,  R-12,  the 
rotary  selector  switch,  S-l,  and  the  double-pole,  double¬ 
throw  selector  switch,  S-2.  With  the  appropriate  power 
supply  selected,  the  rotary  switch,  S-l,  allowed  selection 
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of  one  of  the  twelve  resistors  of  the  resistance  bank,  R-12. 

An  appropriate  resistance  was  selected  so  that  a  suitable 
current  range  was  available  for  the  entire  experiment.  The 
switch,  S -2,  allowed  the  direction  of  current  flow  to  be 
reversed  so.  that  cathodic  or  anodic  resistance  polarization 
data  could  be  obtained. 

10 

The  two  high-impedence  (10  ohms)  Hewlett-Packard  Model 
3400A  digital  voltmeters  were  used  to  obtain  polarization 
overvoltage  and  applied  current  data.  One  voltmeter  was  used 
to  indicate  the  potential  difference  between  the  reference 
and  working  electrodes  to  ±0.1mv.  The  other  indicated  the 
current  within  the  circuit  by  measuring  the  potential  drop 
across  resistor  R-9  (a  decade  bank  of  ±11  precision  resistors) 
which  provided  control  of  the  voltmeter  decimal  point.  Thus, 
a  high  decree  of  accuracy  could  be  achieved  and,  over  wide 
current  ranges,  scales  could  be  shifted  without  introducing 
greater  than  1%  indicated  current  fluctuations. 

Laboratory  Polarization  Test  Cell 

The  laboratory  polarization  test  cell  described  by 

(23)  (3) 

Smulczenski^  J  and  modified  by  Haugen^  J  was  used.  This 

cell  consists  of  a  specially-constructed  two-liter  beaker 

and  a  fluorocarbon  cover  designed  to  provide  a  gas  tight  seal. 

The  cover  contains  five  fittings,  two  ground  glass  fittings 

for  the  thermometer  and  the  purging  gas  assembly  and  three 

0-ring  fittings  for  the  working-electrode,  auxiliary  electrode, 

and  salt  bridge  assemblies.  The  cell,  shown  in  Fig.  15,  is 

designed  so  that  all  components  are  visible  during  testing. 
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Laboratory  Electrode  Assemblies 

The  laboratory  determination  of  corrosion  rate  by  the 
resistance  polarization  method  utilized  three  electrode 
assemblies,  the  working,  auxiliary,  and  reference-electrode 
assemblies  and  a  salt  bridge  assembly.  These  assemblies 
were  not  modified  from  those  used  by  Haugen^)  and  Coburn^^ 

Working  Electrode  Assembly.  The  working  electrode 
assembly  used  was  described  by  Myers  and  is  shown  in 
Fig.  16.  The  purpose  of  this  assembly  was  to  suitably  hold 
a  metal  specimen  which  has  been  machined  into  a  right  circu¬ 
lar  cylinder  of  diameter  1.27  ±0.02cm  and  of  thickness  0.8 
±0,5cm.  The  exposed  surface  area  design  attempted  to  mini¬ 
mize  crevice  effects  and  the  accumulation  of  gas  bubbles  on 
the  specimen  surface.  The  one  square  centimeter  surface  area 
simplified  current  density  calculations.  The  importance  of 
avoiding  crevice  effects  has  been  reported  by  several  invest! 
gators 25  >  26)  because  of  the  accelerating  effect  which 
a  crevice  can  have  upon  the  actual  corrosion  rate. 

The  fluorocarbon  washer  inserted  into  the  specimen 
holder  before  the  specimen  served  two  purposes.  First,  it 
provided  rhe  one  square  centimeter  of  surface  area.  Second, 
it  provided  a  sealing  surface  for  the  metal  specimen  so  that 
crevice  effects  could  be  minimized. 

Auxiliary  Electrode  Assembly.  The  auxiliary  electrode 
was  a  2S  square  centimeter  platinum  gauze  spot  welded  to  a 
17  centimeter  long  platinum  wire  which  was  supported  by 


Figure  16s  Laboratory  Working  Electrbde  Assembly 

(Ref  24)  . 
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sealed  glass  tubing.  This  design  allowed  the  maintenance 
of  a  gas-tight  seal  at  the  cell  lid.  Platinum,  was  used 
because  it  is  inert  in  the  electrolytes  chosen  and  the  catho¬ 
dic-reaction  could  occur  readily  on  its  surface ^ .  When 
hydrogen  was  chosen  as  the  gas  with  which  to  purge  the  cell, 
this  electrode  became  equivalent  to  a  standard  hydrogen 
electrode  (SHE).  Under  these  conditions,  calculation  of  the 
electrolyte  pH  was  facilitated. 

Reference  Electrode  Assembly.  A*  saturated  calomel 
electrode  (SCE) ,  Leeds  and  Northrup  Standard  1199-3,  was 
used  as  the  reference  electrode  because  its  potential  remains 
stable  in.  a  wide  range  of  electrolytes.  By  operating  the 
test  cell  at  a  constant  temperature  (22  ±1°>C),  variations  due 
to  the  dependence  of  potential  indications  upon  temperature 
were  avoided.  The  reference  electrode  was  placed  in  a  150  ml 
beaker  containing  60-100  ml  of  the  test  cell-  electrolyte. 

The  controlled- leak  reference  electrode  was  placed  external 
to  the  test  cell  to  avoid  contamination  of  the  test  cell 
electrolyte . 

Salt  Bi*idge  Assembly 

The  two-part  salt  bridge  assembly,  consisting  of  a 
Luggin  probe  and  a  salt  bridge  joined  by  a  fluorocarbon  seal, 
was  used  to  complete  the  electrical  circuit  between  the 
reference  and  working  electrodes  and  to  minimize  the  poten¬ 
tial  losses  associated  with  the  measurement  of  this  potential 
difference.  The  Luggin  probe,  having  a  one  millimeter 
diameter  tip,  was  mounted  through  one  of  the  0-ring  fittings 
in  the  test  cell  cover. 
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The  salt  bridge  was  designed  with  a  Haber  capillary 
tip  at  the  bottom  of  the  vertical  tube  section^  J  .  This 
tip  allowed  one  drop  of  electrolyte  to  gravity  flow  in 
approximately  thirty  minutes^0**.  A  ground  glass  joint  and 
stopper  were  also  provided  so  that  the  salt  bridge  assembly 
could  be  easily  filled  with  electrolyte.  By  using  a  small 
syringe,  electrolyte  was  drawn  from  the  test  cell  to  fill 
the  salt  bridge  assembly.  A  backside  capillary  was  not 
necessary  because  the  electrolyte  concentration  remained 
unchanged  during  testing  and  electrolyte  flow  was  not  a 
problem^28^. 

Purging  Gas  Assembly 

The  purging  gas  assembly  allowed  filtered  gas  to  enter 
the  test  cell  and  be  bubbled  Vi-rough  the  electrolyte.  The 
gas  entered  the  electrolyte  approximately  10cm  below  the 
surface  through  a  fritted  plug  and  was  vented  to  a  laboratory 
exhaust  hood  through  the  purging  gas  assembly  at  the  top  of 
the  test  cell.  This  exhaust  procedure  was  followed  as  a 
safety  precaution  for  tests  when  hydrogen  gas  was  used. 

Experimental  Polarization  Test  Cell 

Although  the  laboratory  polarization  test  cell  has  pro¬ 
vided  relatively  reliable,  reproducible,  and  accurate  data  by 
which  to  determine  the  rate  of  uniform  attack,  test  cell  com¬ 
plexity  has  resulted  in  restriction  of  cell  use  to  a  labora¬ 
tory  environment.  In  an  attempt  to  make  use  of  the  basic 
design  and  experimental  techniques  of  the  laboratory  coll 
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while  eliminating  unnecessary  complexity,  the  experimental 
polarization  test  cell  was  constructed  by  modifying  the 
laboratory  cell.  The  experimental  test  cell,  shown  in  Fig. 

17,  required  minor  modification  of  the  laboratory  test  cell 
cover  and  extensive  modification  of  the  laboratory  electrode 
assemblies . 

Experimental  Electrode  Assembly.  The  experimental 
electrode  assembly,  shown  in  Fig.  18,  incorporated  the  working, 
auxiliary,  and  reference  electrode  into  one  assembly  and 
eliminated  the  need  for  the  platinum  auxiliary  electrode, 
standard  calomel  reference  electrode,  and  salt  bridge  assemb¬ 
lies.  The  electrode  centers  were  evenly  spaced  2.54  ±0.20cm 
apart.  By  using  electrodes  of  different  sizes,  the  cathode-to- 

anode  surface  area  ratio  could  be  varied.  Fluorocarbon 
« 

washers  were  provided  so  that  crevice  effects  were  minimized 
arid  contamination  of  the  system  was  avoided.  The  electrode 
posts  were  made  of  steel  for  two  reasons:  first,  to  provide 
a  strong  post  which  would  withstand  application  of  sufficient 
electrode  installation  torque  to  ensure  sealing  of  the  elec¬ 
trode  base  and,  second,  to  mini mize  cell  contamination  in 
the  event  that  minor  leakage  did  result  and  could  not  be 
eliminated. 

Electrolyte 

The  electrolytes  used  were  IN  and  0.1N  sulfuric  acid, 
and  3%  sodium  chloride  containing  0.5N  potassium  sulfate. 
Reagent  grade  sulfuric  acid  (99. S  to  96.5%  I^SO^)  was  used  in 
preparing  the  acid  solutions.  All  solutions  were  prepared 
using  triple-distilled  water. 
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Specimen  Selection  and  Fabrication 

Specimen  Selection.  High-purity  iron  was  selected  as 
the  test  material:  because  iron-base  materials  are  commonly- 
used  materials  of  construction  and  because  considerable  data 
are  available  with  which  to  compare  the  results  of  this  inves¬ 
tigation.  Table  I  gives  the  analyses  of  the  materials  studied. 

Annealing.  The  iron  was  annealed  at  870°C  for  24  hours 
and  furnace  cooled  to  room  temperature.  Disposable  heat 
treatment  bags  were  used  to  minimize  surface  oxidation  during 
the  annealing  process.  - 

Specimen  Fabrication.  Because  of  the  nature  of  the 
experimentation  conducted,  two  specimen,  tyoes  were  required. 

The  first  was  used  in  the  laboratory  apparatus;  the  second  was 
used  in  the  experimental  apparatus.  The  specimens  used  in  the 
laboratory  apparatus  were  machined  right  circular  cylinders 
of  1.27  ±0.02cm  diameter  and  0.7  to  1cm  thick-  The  specimens 
used  in  the  experimental  apparatus  were  machined  right  circu¬ 
lar  cylinders  of  various  lengths  so  that  the  surface  area 
ratio  effects  could  be  investigated. 
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o'  Table  I 

Chemical  Composition  of 
High  Purity  Iron  Specimens* 


Element 

Comoosition  bv  Weieht  Percent 

I 

II 

Silicon 

<.01 

<.01 

Manganese 

.04 

.02 

Phosphorous 

<.005 

<.005 

Sulfur 

.015 

.010  ■ 

Carbon 

.03  • 

.02 

Nickel 

.04 

,01 

Chromium 

.02 

.01 

Molybdenum 

.01 

.005 

Copper 

.05 

.01 

Aluminum 

<.002 

<.002 

Vanadium 

,<.002 

<.002 

Tin 

.0051 

.005 

Iron 

Remainder 

Remainder 

*Analysis  performed  by  Bowser-Morner  Testing  Laboratories, 
Dayton,  Ohio. 
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IV.  Data  Collection,  Treatment,  and  Analysis  Procedures 

Data  were  collected  using  procedures  similar  to  those 
of  previous  investigators^*  ).  The  minor  changes 

't  . 

made  are  pointed  out  in  the  following  discussion.  Comparison 
of  experimental  results  obtained  using  materials  similar  to 
those  of  previous  investigators^*  ^  indicated  that 
results  were  not  noticeably  affected  by  the  changes  made. 

Preparation 

Electrical.  Apparatus .  The  power  supply  was  placed  on 
standby  and  the  digital  voltmeters  were  turned  on  at  least 
one:  hour  prior  to  use  to  insure  stabilization  of  component 
operations.  The  digital  voltmeter  sample  rate  selector  was 
set  to  maximum  during  this  period. 

Component  Cleanliness.  With  the  exception  of  the 
auxiliary  and  reference  electrodes,  all  components  were 
washed  thoroughly  with  detergent,  rinsed  with  distilled  and 
triple-distilled  water,  and  air  dried.  The  auxiliary  elec¬ 
trode  was  cleaned  in  boiling  aqua  regia  for  one  minute  or 
until  foaming  stopped  and  rinsed  thoroughly  with  triple - 
distilled  water.  (Future  investigators  are  cautioned  against 
allowing  the  glass  tube  to  enter  the  boiling  liquid.  Allowing 
this  to  happen  may  increase  the  glass’s  susceptibility  to 
breakage) .  The  reference  electrodes  were  kept  submerged  in 
distilled  water  and  rinsed  with  triple-distilled  water  before 
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Electrolyte.  The  test  cell  beaker  was  filled  with 
approximately  1250-1500  ml  of  the  selected  electrolyte  and 
covered  with  a  fluorocarbon  lid  containing  only  a  purging 
gas  fitting.  Either  filtered  air  or  hydrogen  was  bubbled 
through  the  electrolyte  for  a  minimum  of  one  hour  depending 
upon  the  environment,  (aerated  or  deaerated)  desired.  This 
was  a  departure  from  previous  procedures.  Early  investiga¬ 
tors^*  ^  reported  that  from  one  to  eighteen  hours  were 
required  to  achieve  deaeration.  Recent  investigators^* 
have  reported  stable  hydrogen  electrode  potentials  in  times 
as  short  as  twenty  minutes.  Therefore,  one  hour  was  con¬ 
sidered  sufficient  to  ensure  adequate  deaeration  in  the 
environments  selected. 

Specimens.  Laboratory  test  specimens  were  machined  and 
polished  on  one  face  through  4/0  emery  paper.  Experimental 
test  specimens  were  machined  and  polished  on- the  untapped 
face  and  circumferentially  through  4/0  emery  paper.  After 
polishing,  specimen  diameter  and  height  (or  thickness)  were 
measured  and  recorded.  This  allowed  computation  of  experi¬ 
mental  specimen  surface  areas  and  provided  initial  dimensions, 
so  that  the  attempts  could  be  made  to  compare  the  results 
of  weight  loss  tests  with  actual  penetrations  realized. 

The  specimens  were  washed  and  rinsed  in  triple-distilled 
water  to  remove  residue  left  by  the  polishing  process,  boiled 
in  benzene  for  three  minutes  to  remove  any  grease  accummula- 
tion,  and  rinsed  again  in  triple-distilled  water  to  remove 
any  remaining  residue.  The  cleaned  samples  were  then  placed 
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in  a  drying  oven  maintained  at  90°C.  After  five  to  ten 
minutes  of  drying  time,  the  specimens  were  removed  and 
weiglied  on  a  Williams,  Brown  and  Earle  Model  220SP  Analyti¬ 
cal  Balance . 

Laboratory  Test  Cell.  The  working  electrode  assembly 
Was  readied  by  placing  the  cleaned  and  polished  specimen 
and  an  unused  washer  into  position  in  the  specimen  holder. 
Washer  reuse  was  avoided  because  the  grooving  which  occurred 
during  use  could  have  provided  an  environment  suitable  for 
crevice  attack  during  subsequent  tests.  (Future  investiga¬ 
tors  are  cautioned  against  application  of  excessive  torque 
to  the  knurled  electrode  head;  Head  cracking  and  washer 
deformation  may  resuit,  significantly  changing  the  exposed 
surface  area  and/or  providing  an  environment  by  which  crevice 
effects  may  develop  and  interfere  with  results.) 

The  working  electrode  assembly,  the  auxiliary  electrode 
assembly,  and  the  Luggin  probe  were  fitted  into  the  test  cell 
cover  with  the  tip  of  the  Luggir  probe  positioned  approxi¬ 
mately  2mm  from  the  face  of  the  specimen  to  avoid  shielding 
effects,  of  the  current  distribution^-3^  .  The  auxiliary 
electrode  assembly  was  aligned  nearly  parallel  to  the  speci- ‘ 
men  face.  All  O-ring  fittings  were>  tightened  to  insure  a 
gas  tight  seal. 

At  the  completion  of  the  initial  gas  'purging  process, 
the  gas  was  stopped  and  the  cover  removed.  Approximately 
70  ml  of  electrolyte  were  removed  and  placed  in  a  150  ml 
beaker.  The  laboratory  cell  cover  was  installed  and  the 
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thermometer"  and  purging  gas  assembly  fitted  into  the  cover. 

The  purging  gas  assembly  was  immediately  restarted. 

'The  salt  bridge  was  fitted  to  the  Luggin  probe  with  the 
fluorocarbon  sleeve  and  filled  using  the  small  syringe  at 
the  ground  glass  joint.  The^. Haber  capillary  leg  of  the  salt 
bridge  and  the  reference  electrode  were  placed  in  the  small 
beaker  of  electrolyte  drawn  from  the  test  cell.  By  using 
appropriately -sized  blocks,  the  beaker  was  positioned  so 
that  the  vertical  leg  of  the  salt  bridge  was  immersed  in  the 
electrolyte  and  the  level  of  electrolyte  in  the  small  beaker 
was  below  that  of  the  test  cell.  This  was  done  to  insure  that 
electrolyte  was  not  syphoned  from  the  small  beaker  into  the 
test  cell  causing  test  cell  contamination. 

Experimental  Test  Cell.  The  experimental  electrode  was 
assembled  using  three  test  specimens  and  three  unused  washers. 
In  seating  the  electrodes  on  the  fluorocarbon  washer,  care  was 
exercised  not  to  damage  the  electrode  surface.  (Pliers  and  a 
hollowed  rubber  stopper  were  used  successfully.)  With  the 
electrode  assembly  readied,  the  purging  gas  was  stooped,  the 
test  cell  cover  removed  and  replaced  with  the  readied  cover. 
The  purging  gas  assembly  and  thermometer  were  fitted  to  the 
cover  and  the  purging  gas  assembly  immediately  restarted. 

Specimen  Activation 

1.  Laboratory  Specimen  ,  The  laboratory  specimen 
was  cathodically  activated  to  remove  any  surface  films  which 
may  have  formed  after  specimen  cleaning.  Activation  was 
accomplished  using  a  1.5  volt  dry-cell  battery.  The  negative 
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and  positive  terminals  were  connected  to  the  working  and 
auxiliary  electrodes,  respectively,  for  a  period  of  one 
minute.  The  specimens  evolved  gas  bubbles  from  the  exposed 
surface  during  activation* 

2.  Experimental  Specimens.  The  three  electrodes 
of  the  experimental  electrode  assembly  were  each  actiyated  for 
approximately  one  minute  using  the  1.5  volt  battery.  When 
specimens  of  equal  surface  area  were  to  be  used,  each  elec¬ 
trode  was  labeled  as  either  working,  auxiliary  or  reference 
and  used  as  indicated  throughout  the  test  for  standardization 
purposes  and  to  eliminate  variations  which  might  have  been 
introduced  by  other  techniques.  During,  investigations  of  the 
effects  of  varying  cathode-to-anode  (C/A)  surface  area  ratio, 
each  electrode  served  as  anode,  cathode  and  reference  during 
some  portion  of  the  test.  A  specific  testing  order  was 
established  when  C/A  ratio  effects  were  investigated  and  the 
first  test  configuration  served  as  the  basis  for  the  activar 
tion  cycle*  This  activation  cycle,  shown  in  Table  II,  was 
used  for  both  equal  and  variable  surface  area  tests. 

Tabie  II 

Experimental  Electrodes  Activation  Cycle 


Step 

Working 

Auxiliary 

Reference 

1 

+ 

- 

2 

- 

+ 

3 

- 

+ 
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Data  Collection  Procedures 

Both  anodic,  and  cathodic  polarization  behavior  were 
investigated.  The  procedures  outlined  applied  to  both 
experimental  and  laboratory  test  cells.  All  tests  were 
conducted  at  22  ±1°C  and  one  atmosphere  of  pressure  after 
sufficient  time  was  allowed  for  establishment  of  a  "steady- 
state"  corrosion  potential,  i.e.,  a  potential  which  varied 
less  than  one  millivolt  during  a  15  minute  period. 

Equilibrium  Corrosion  Potential 

1.  Laboratory  Test  Cell.  To  determine  the  "steady- 
state"  corrosion  potential,  Ecor^-,  the  digital  voltmeter  was 
connected  between  the  working  and  reference  electrode  assemb¬ 
lies  and  the  potential  monitored  until  a  steady-state  value 
was  achieved. 

2.  Experimental  Test  Cell.  The  design  of  the 
experimental  test  cell  did  not  provide  a  means  of  deter¬ 
mining  the  equilibrium  corrosion  potential.  Potential 
differences  between  the  working  and  auxiliary  electrodes 
and  the  reference  electrode  were  recorded  to  allow  investi¬ 
gation  of  their  relationship  to  the  indicated  corrosion  rate. 

pH  Determination 

1.  Laboratory  Test  Cell.  The  pH  of  a  hydrogen- 
saturated  electrolyte  was  determined  by  using  the  Nernst 
equation 

E  =  EQ-0 .059  pH  (19) 

where  E  is  the  auxiliary  to  reference  electrode  potential 
at  equilibrium  conditions  and  Eq  is  the  potential  of  the 
reference  electrode  with  respect  to  a  standard  hydrogen 
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electrode  (SHE).  The  values  of  pH  obtained  were  compared 
with  those  reported  by  other  investigators^*  ^  . 

2.  Experimental  Test  Cell.  Th„  experimental  test 
cell  design  did  not  allow  pH  determination. 

Preliminary  Electrical  Set-up 

1.  The  leads  from  switch  S-2  were  connected  to  the 
auxiliary  and  working  electrode^  and  switch  S-2  positioned  to 
permit  cathodic  polarization. 

2.  The  remaining  lead  (ground)  from  the  digital 
voltmeter  was  connected  to  the  reference  electrode.  Thus* 
the  digital  voltmeter  provided  the  working  to  reference- 
electrode  potential  difference. 

3.  The  appropriate  power  source  was  connected  to 
the  circuit,  the  variable  output  knob  rotated  fully  counter 
clockwise,  switch  S^l  positioned  at  a  sufficiently  high 
resistance  to- minimize  current  flow,  and  the  power  turned  on. 

Resistance  Polarization  Testing.  These  procedures  were 
followed  using  both  laboratory  and  experimental  test  cells . 

1.  Current  was  slowly  increased  until  approximately 
one  millivolt  of  potential  change  resulted.  Based  up oii  the 
magnitude  of  this  current  increase,  an  appropriate  position 
of  S-l  was  selected  so  that  the  entire  test  run  could  be 
completed  without  additional  variation  of  S-l.  Similarly, 

R-9  was  positioned  so  that  suitable  indicated  current  accuracy 
was  obtained.  The  current  was  decreased  to  zero  and  the 
cathodic  polarization  test  begun. 
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2 t  The  current  was  increased  slowly  to  produce 
approximately  one  millivolt  of  potential  change  and  the 
potential  and  current  recorded.  This  initial  current 
increment  became  the  ‘'step"  by  which  current  was  slowly 
incre  to  obtain  successive  data  points.  No  appreciable 
“stabilization  period”  was  utilized  as  had  been  reported  by 
previous  investigators^*  ^  .  Current  was  "stepped” 
a  sufficient  number  of  times,  to  achieve  a  potential  change 
of  approximately  ten  millivolts. 

NOTE:  Potential  values  were  randomly  double 
checked  with  a  Leeds  and  Northrup  potentiometer 
(Catalog  #8687)  during  all  test  runs  and  entire 
runs  were  randomly  reproduced  to  ensure  accuracy 
and  reproducibility. 

3.  A  table  of  corresponding  applied  current,  Al, 
and  potential  change,  AE,  was  constructed. 

4.  Upon  completion  of  each  cathodic  polarization 
test,  the  applied  current  was  adjusted  to  zero  and  switch 
S-2  positioned  to  permit  an  anodic  polarization  test.  Steps 
2  and  3  were  subsequently  repeated. 

5.  For  tests  using  the  experimental  test  cell, 
steps  2-4  were  repeated  for  the  various  cathode-to-anode 
ratios  selected. 

6.  Upon  completion  of  each  test' run,  all  electri¬ 
cal  connections  to  the  test  cell  were  removed,  the  power  source 
turned  off  or  to  the  standby  position,  and  the  digital  volt¬ 
meters  turned  off  or  adjusted  to  a  very  low  sample  rate.  As  a 
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departure  from  the  techniques  of  previous  investigators^**^ 
the  purging  gas  assembly  was  not  turned  off.  the  purging 
gas  was  allowed  to  flow  at  a  nearly  constant  rate  for  the 
duration  of  each  test  in  hydrogen  saturated  environments. 

7.  The  process  was  repeated  at  24  hour  intervals 
for  120  hours. 

V 

8.  After  completing  each  test,  the  test  cell  was 
disassembled  and  thoroughly  cleaned. 

9.  Each  specimen  was  washed  and  the  exposed 

surface  cleaned  in  accordance  \  Jth  weight-loss  test  proce- 
f  331 

dures*-  .  The  specimens  were  dried  and  reweighed  to  deterr 
mine  the  weight-lost  during  the  test.  After  weighing,  the 
dimensions  of  each  test  specimen  were  recorded  to  determine 
the  extent  of  uniform  attack  penetration. 

10.  Where  possible,  on  laboratory  specimens,  an 
actual  depth  of  corrosion  penetration  was  determined  by  care¬ 
fully  polishing  the  specimen  surface  until  visible  traces  of 
corrosion  damage  were  removed  and  remeasuring,  the  thickness. 
The  difference  between  initial  and  final  thickness  was  used 
as  an  indication  -of  the  penetration  of  the  corrosion  attack. 

Data  Treatment  Procedures 

Corrosion  rate  calculations  were  made  using  the  data 
obtained1  by  galvanostatic  resistance  polarization  testing 
and  weight  loss  testing.  To  minimize  mathematical  errors 
and  human  bias,  computerized  techniques  were  used  wherever 
possible. 
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Resistance  Polarization  Data  Preparation.  The  data 
obtained  during  resistance  polarization  tests  were  coded  by 
the  experimental  run  and  the  day  of  each  run.  In  general, 

4  j 

three  runs,  each  of  six  days,  were  used.  Thus,  in  most 
situations,  18  sets  of  data  were  available  for  polarization 
resistance  determination  on  a  "by  run,  by  day"  basis  for 
each  configuration  (i.e.‘,  combination  of  variables)  used. 

In  addition,  for  each  configuration  tested,  the  data  for 
all  runs  were  grouped  on  a  "combined  daily"  basis  to  allow 
determination  of  an  average  polarization  resistance  for 
each  of  the  six  testing  days . 

Polarization  Resistance,  Determination.  To  determine 
the  values  of  polarization  resistance,  coded  data  were 
treated  using  standard  linear  regression  techniques  based 
upon  least  square  estimation  methods.  The  specific  computer 
program  used  for  this  purpose  is  stored  in  the  AFLC  CREATE 
Computer  System.  The  instructions  f of  obtaining  and/or 
using  the  program  are  contained  in  Appendix  M. 

The  co&cS.  data  were  treated  "by  run,  by  day"  and  on 
a  "combined  daily"  basis  with  the  intercept  suppression 
option  selected.,  With  applied  current  density,  X,  and  the 
resulting  potential,  Y,  known,  the  coefficient  3  of 

Y  =  3X  (20) 

was  read  directly  as  the  appropriate  polarization  resistance. 
The  statistical  F-test,  provided  automatically  by  the  computer 
program,  served  to  indicate  the  agreement  of  the  actual  data 
with  the  estimated  linear  relationship  of  Eq  (20),. 
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Daily  Corrosion  Rate  Determination.  Daily  corrosion 
rates  were  computed  using  the  Stern-Geary  equation,  Eq  (15) , 
and  Faraday’s  Law,  Eq  (4  ).  Tafel  slopes,  and  fi  9  used 
were  determined  by  Ali^*^.  Material  density  was  laboratory 
determined  for  the  material  tested.  No  density  difference 
was  noted  between  the  two  specimens  selected. 

•f 

Actual  computation  was  done  using  the  computer  program 
of'  Appendix  N.  This  program  was  used  to  (1)  tabulate  resis¬ 
tance  polarization  data  by  run,  by  day,  (2)  tabulate  polariza¬ 
tion  resistance  values  on  by  run,  by  day  and  combined  daily 
bases,  (3)  compute  and  tabulate  corrosion  current  density 
(ma/cm  )  data  on  by  run,  by  day  and  combined  daily  bases-, 

(4)  compute  and  tabulate  corrosion  rate  (microns /year) 
information  on  by  run,  by  day  and  combined  daily  bases,  and 

(5)  compute  and  tabulate  combined  daily  corrosion  rate  informa¬ 
tion  in  several  units  to  permit  more  rapid  comparison  with 
data  from  other  sources.  All  output  is  filed  with  the  Depart¬ 
ment  of  Mechanics,  School  of  Engineering,  AFIT. 

Steady-State  Corrosion  Rate  Determination. 

1.  Graphical  Techniques.  To  determine  the  indi¬ 
cated  steady-state  corrosion  rate  By  graphical  techniques,  each 
figure  in  Appendices  F  and  G  was  analyzed.  In  general*  the 
limits  of  the  converged  and  stabilized  corrosion  rate  envelope, 
which  existed  during  the  final  48-72  test  hours,  were  used  as 
the  indicated  steady-state  corrosion  rate  range.  However, 
where  stability  was  not  observed  (e.g.,  .IN  sulfuric  acid  in 
the  laboratory  test  cell)  considerable  judgment  was  involved. 
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The  steady-state  of  uniform  attack  in  these  instances  was 
considered  to  be  the  range  of  the  minimum  corrosion  rate 
observed  during  the  final  96  test  hours. 

2.  Computer  techniques .  The  steady-state  corrosion 
rate  achieved  by  each  test  configuration  was  also  'determined  by 
using  regression  techniques.  All  values  of  corrosion  rate 
calculated  on  the  by  run,  by  day  and  combined  daily  bases  were 
combined  and  used  as  input  data.  The  combined  daily  data  were 
included  to  provide  a  final  steady-state  corrosion  rate  which 
was  somewhat  weighted  toward  the  average  of  the  daily  corro¬ 
sion  rate  values. 

A  steady- state  corrosion  rate  was  found  by  attempting 
to  fit  actual  data  to  a  relationship  of  the  general  form 

Y  -  »0  +  r  (2D 


where  Y  is  the  corrosion  rate  at  time  X.  By  using  this  rela¬ 
tionship,  the  coefficient  3q  indicated  the  steady-state  value 

of  corrosion  rate  directly,  since  as  time,  X,  becomes  very 

h 

large,  the  term  approaches  zero.  The  relationship  shown  as 
Equation  .21  was  chosen  to  approximate  Eq  (8)  for  reasons 
similar  to  those  used  by  Stern^3**  in  conjunction  with 
approximating  Eq  (13)  with  Eq  (14)  .  A  goal  of  the  present 
study  was  to  investigate  the  validity  of  this  approximation. 

Weight  Loss  Test  Results.  For  >each  electrochemical 
test  conducted,  weight  loss  tests  w-ve  performed.  The  resulting 
weight  loss  data  were  converted  to  units  of  corrosion  rate 
(microns/year).  Each  rate  was  classified  by  the  electrolyte 
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(and  concentration) ,  the  degree  of  aeration  (aerated  or 
hydrogen  saturated) ,  and  the  type  of  electrode  assembly 
(laboratory  or  experimental)  used.  For  each  class,  a  mean 
corrosion  rate  was  calculated  and  the  range  of  corrosion  rates 
noted.  These  values,  the  mean  and  range,  were  tabled  to  allow 
comparison  with  electrochemically  determined  corrosion  rates. 

Data  Analysis  Procedures 

Data  analyses  were  specifically  directed  toward  achieving 
the  goals  and  verifying  the  various  assumptions  of  this  inves¬ 
tigation.  Wherever  possible,  both  graphic  and  computer  tech¬ 
niques  were  used.  In  general,  computer  results  were  used  to 
supplement  and  support  the  results  of  graphical  analyses. 

This  procedure  was  considered  necessary  until  sufficient 
experience  was  gained  to  determine  the  accuracy  of  computer 
techniques . 
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V.  Analysis  of  Results 

Electrolyte pH 

r  Determination  o£  pH  for  hydrogen  saturated  electrolytes 
in  a  laboratory  test  cell  are  given  in  Appendix  A  where  maxi¬ 
mum,  minimum,  and  mean  values  are  shown.  The  mean  pH  obtained 
for  IN  sulfuric  acid  agrees  with  that  reported  by  others (3,10) 
Similarly,  the  pH- of  0.1N  sulfuric  acid  agrees  with  the  1.09- 
1.25  reported  by  others^®*  .i  The  consistency  of  pH 
observations  for  sulfuric  acid  environments  was  considered 
adequate . 

Values  of  pH  for  3%  sodium  chloride/0. 5N  potassium  sul¬ 
fate  were  unreported;  however,  the  mean  pH  was  in  agreement 
with  the  value  reported  by  Prochko^65^  for  3%  sodium  chloride. 
Due  to  the  greatly  reduced  hydrogen  ion  concentration  of  this 
electrolyte,  the  range  of  pH  observed  was  not  unexpected.  As 
shown  in  Figure  11,  wide  pH  variation  in  this  region  (pH  5-7) 
may  have  had  little  effect  upon  corrosion  rate. 

Steady-State  Corrosion  Potentials 

Steady-state  corrosion  potentials  relative  to  a  standard 
calomel  electrode  (SCE)  were  recorded  daily  for  aerated  and 
deaerated  laboratory  test  cell  environments.  The  potentials 
for  high  purity  iron  I  are  shown  in  Appendix  B.  Data  accumu¬ 
lated  for  hydrogen  saturated  IN  and  0.1N  sulfuric  acid  were 
in  general  agreement  with  those  reported  by  Coburn and 
Mottcrn*-'^  ,  respectively.  In  3S;  sodium  chloride/-0 . 5N 
potassium  sulfate,  potential  variations  were  large;  however, 
both  magnitude  and  range  generally  agreed  with  data  reported 
by  LaQue  and  Cox^^. 

58 


UAM/MV/  /)r«  .  “  '  ~  ^ 

The  corrosion  potentials  observed  in  hydrogen  saturated 
f  IN  sulfuric  acid  displayed  a  consistent  behavior  with  time. 

This  is  in  contradiction  to  the  random  behavior  reported  by 
Coburn^^  .  In  this  environment,  corrosion  potentials  tended 
to  become  more  noble  during  the  first  48  test  hours,  while, 
during  the  remaining  72  test  hours,  change  in  corrosion 
potential  was  small  and  appeared  random.  These  tendencies 
are  shorn  in  Figure  20  of  Appendix  B„ 

Steady- state  corrosion  potentials  observed  in  aerated 
IN  sulfuric  acid  and  aerated  and  hydrogen  saturated  31  sodium 
chloride/0. 5N  potassium  sulfate  displayed  tendencies  similar 
to  those  in  hydrogen  saturated  IN  sulfuric  acid.  As  with 
electrolyte  pH,  considerably  more  -variation  amongst  runs  was 
noted  in  the  3%  sodium  chloride  than  in  the  IN  sulfuric  acid; 
however,  corrosion  potentials  tended  to  stabilize  after  48 
hours  for  each  run  in  these  environments i  A. similar  tendency 
was  reported  by  Coburn^ ^  for  aluminum  in  deaerated  IN 
sulfuric  acid. 

Steadyr state  corrosion  potentials  observed  in  aerated 
and  hydrogen  saturated'  0.1N  sulfuric  acid  did  not  show  the 
same  tendencies.  As  Tables  VI  and  VII  show,  the  corrosion 
potential  in  0.1N  sulfuric  acid  tended  to  become  more  active 
during  the  first  24  test  hours;  however,  during  the  final  96 
test  hours,  potential  change  was  random.  A  general  shift  in 
the  noble  direction  toward  the  initial  corrosion  potential 
was  noted  during  the  final  96  hours. 

Although  no  relationship  between  corrosion  potential  and 
corrosion  rate  has  been  reported  by  previous  investigators,  the 
general  shape  of  Figure  20  for  hydrogen  saturated  IN  sulfuric 
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acid  was  similar  to  those  of  Figures  101  and  102  of  Appendix 

F  Which  show  the  effect  of  time  on  the  indicated  instantaneous 

/ 

corrosion  rate  of  high  purity  iron  I  in  hydrogen  saturated  IN 

’  ~  j  V 

sulfuric  acid.  Comparison  of  the  effect  of  time  on  the  steady 
state  corrosion  potential  with  the  effect  of  time  on  the 
instantaneous  corrosion  rate  for  aerated  IN  sulfuric  acid  and 
both  aerated  and  hydrogen  saturated  3%  sodium  chloride/0. 5N 
potassium  sulfate  showed  similar  correlation. 

Comparison  of  corrosion  potential  vs.  time.  Table  VI, 
Appendix  B  and. corrosion  rate  vs.  time.  Figures  105  and  106, 
Appendix  F,  for  0.1N  sulfuric  acid  show  an  interesting  corre¬ 
lation.  Both  corrosion  rate  and  the  absolute  value  of  corro¬ 
sion  potential  tended  to  reach  minimum  values  after  approxi¬ 
mately  24  test  hours.  Both  tended  to  increase  during  the 
final  96  test  hours.  Thus,  for  all  data  collected,  similar 
variation  of  both  corrosion  potential  and  corrosion  rate  with 
time  was  observed. 

Resistance  Polarization  Data 

Data  obtained  using  cathodic  and  anodic  resistance  polari 
zation  techniques  are  shown  in  Appendices  C  and  D.  Appendix  C 
contains  data  obtained  using  the  laboratory  probe.  Appendix 
D  contains  data  .obtained  using  the  experimental  probe.  In 
general,  similar  results  were  obtained  using  both  probe's. 

Data  accumulated  for  hydrogen  saturated  IN  sulfuric  acid  were 
compared  with  similar  data  reported  by  Coburn^1^^ ;  however, 
no  data  were  reported  in  the  literature  surveyed  with  which  to 
compare  the  remainder  of  the  resistance  polarization  test 
results  of  this  investigation. 
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The  results  of  resistance  polarization  tests  for  the 
laboratory  probe  in.  IN  sulfuric  .acid  are  shown  in  Figures  21- 
24  of  Appendix  C.  These  figures  show  that  (1)  similar 
.results  were  obtained  using  cither  cathodic  or  anodic  resis¬ 
tance  polarization  technique  -.  ,  (2)  the.  maximum  and  minimum 
observed  slopes  generally  converged  and  stabilized  with  time, 
although  the  data  for  a  particular  run  may  have  moved  randomly 
within  the  maximum-minimum  sT'ope  envelope,  and  (3)  data  from 
each  run  were  essentially  15 near.  Individual  data  points 
agreed  closely  with  compute!  provided  solutions.  Any  deviation 
of  individual  data  points  £ •  ■  m  the  computer  solution  appeared 
random . 

Although  in  general  agreement  with  data  reported  by 
Coburn^1^ ,  data  accumulated  for  hydrogen  saturated  IN  sulfuric 
acid  showed  considerably  g/..  ter  slope  variation  amongst  runs 
on  a  given  day  than  had  been  previously  reported.  This  varia¬ 
tion  was  most  noticeable  du  Jng  the  first  24-48  test  hours. 


However,  because  of  the  co,. r  rgence  of  data  during  the  final 
72  test  hours  and  the  gene.,  i  agreement  of  the  average  slope 
in  this  region  with  that  r.  ;.<>rted;  by  Coburn^10^,  the  results 
of  resistance  polarization  \  sts  using  at  laboratory  probe  in 
hydrogen  saturated  IN  sul'fv:  *c  acid  were  considered  acceptable. 
In  addition,  aerated  IN  su.'.  •  Tic  acid  data  consistency  was 
considered  adequate  to  ass;  o  data  reliability  and  reproduci¬ 
bility. 

Data  obtained  using  t:  laboratory  probe  in  0.1N  sulfuric 
acid  are  shown  in  Figures  23  -  28  of  Appendix  G.  Although 
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generally  similar  cathodic  and  anodic  results  were  obtained, 
slope  envelope  convergence  and  stability  with  time  were  not 
apparent.  In  general,  slope  convergence  occurred  during  the 
first  24-48  test  hours;  however,  during  the  final  72-96  test 
hours,  cathodic  data  tended  to  diverge  widely.  During  the 
same  period  the  anodic  data  slope  envelope  remained  almost 
unchanged.  For  both  Cathodic  and  anodic  data,  slopes  tended 
to  increase  during  the  first  24  test  hours  and  decrease  during 
the  remainder  of  the  test.  Only  in  an  aerated  environment 

v 

using  cathodic  techniques  was  120  test  hour  data  available. 
Rapid,,  random  potential  oscillations  were  observed  at  120  test 
hours  in  all  other  0;1N  sulfuric  acid,  laboratory  probe  tests. 

Indivicfaai^&ata  points  obtained  using  anodic  techniques 
closely  followed  a  linear  relationship..  However,  using  catho¬ 
dic  techniques-,  at  high  applied  current  densities,  evidence 
of,  deviation  from  linearity  was  noted  (e.g.  runs  1,  2,  5  at  48 
hours  and  run  3  at  ,120  hours  in  Figure  27)  .  This  deviation 
was  opposite  that  expected  as  the  result  of  concentration 
effects  which  may  occur  during  cathodic  resistance  polarization 
testing  (.See  'Fi gure  7  ) . 

In  addition,  concentration  effects  were  also  observed 
when  aeration  was  accomplished.  Using  filtered  airflow,  rapid 
and  random  potential  fluctuations  over  ah  -excessive  range  were 
generally  observed.  If  the  airflow  was  stopped  after  initial 
aeration  and  a  sufficient  time  allowed  for  electrolyte  motion 
to  be  minimized,  potential  fluctuations  were  also  minimized. 
Electrolyte  random  motion  caused  by  the  filtered  airflow  may 
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have  been  sufficient  to  produce  varying  diffusion  rates  at  the 
corroding  surface.  The  investigator  technique  of  stopping  the 
airflow  may  have  changed  the  controlling  polarization  process 
from  activation  to  concentration  polarization.  Resistance 
polarization  data  did  not  show  the  presence  of  concentration 
effects. 

Using  the  laboratory  probe  in  5%  sodium  chloride/0* 5N 
potassium  sulfate,  resistance  polarization  data  shown  in  Figures 
29-32  were  obtained.  Cathodic  and  anodic  techniques  provided 
almost  identical  results.  The  slope  envelope  observed  remained 
generally  stable;  however,  little,  if  any,  slope  convergence 
occurred.  The  number  of  data  points  which  varied  from  a  linear 
relationship  and  the  magnitude  of  the  random  variations  were. 
consistently  greater  than  for  either  IN  or  0.1N  sulfuric  acid. 

Noc  evidence  of  concentration  effects  was  noted;  however,  after 
initial  aeration,  airflow  was  stopped  in  aerated  environments. 
Considering  the  range  of  observed  pH,  the  variations  shown 
amongst  slopes  for  each  run  on  a  given  day  were  not  considered 
excessive.  These  data  were  considered  to  have  provided  ade¬ 
quate  reliability  and  reproducibility. 

Resistance  polarization  data  obtained  using  the  experi¬ 
mental  probe  for  IN  sulfuric  acid  are  shown  in  Figures  3.3  - 
56  of  Appendix  D.  Similar  results  were  obtained  using  either 
cathodic  or  anodic  techniques.  Slope  stability  was  established 
after  24-48  test  hours  in  both  aerated  and  hydrogen  saturated 
environments  for  each  C/A  ratio  investigated.  Slope  conver¬ 
gence  was  considered  excellent  except  for  C/A  ratio  =  0.2  and 
2  (Figures  35,  38,  41,  and  44).  At  these  C/A  ratios,  little, 
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if  any,,  convergence  was  noted  after  24  test  hours*  however,* 
the  size  of  the  slope  envelope  was  not  considered  excessive. 
Ho  concentration  effects  were  noted;  however,  in  aerated 
environments,  airflow  was  stopped  after  initial  aeration. 

Fot  the  experimental  probe  in  (UN  sulfuric  acid,  resis¬ 
tance  polarization  data  of  Figures  57  -  77  were  obtained. 
Cathodic  and  anodic  techniques  provided  similar  results.  In, 
contrast  to  laboratory  probe  results,  slope  stabilization 
was  observed  after  48-72  test  hours.  Slope  trends  during  the 
first  24-48  hours  were  not  as:  observed  in  IN  sulfuric  acid. 
Where  slopes  for  IN  sulfuric  acid  tests  tended  to  increase 
steadily  during  the  first  24—48  hours,  the  slope  data  pro¬ 
duced  from  0.1N  sulfuric  acid  tests  for  C/A  ratio  ^  2  showed 
that  slopes  tended  to  decrease  during  the  first  24  hours. 
During  the  remainder  of  the  test  time,  a,  generally  increasing 
slope  tendency,  similar  to  that  observed  for  IN  sulfuric  acid, 
was  shown.  Concentration  effects  were  not  observed;  however, 
airflow  was  stopped  in  aerated  environments. 

Experimental  probe,  31  sodium  chloride  (0.5N  potassium 
sulfate) .resistance  polarization  data  are  shown  in  Figures  78- 
97.  Again,,  cathodic  and  anodic  techniques  produced  similar 
results.  In  general,  larger  ;and  more  numerous  deviations 
from  linearity  were  observed  in  this  environment.,  Computed 
t-test  statistics  verified  this  observation’.  The  deviation 
from  linearity  was  considered  random  during  anodic  tests. 

Unlike  the  sulfuric  acid  environments  investigated, 
considerably  different  results  were  observed  for  hydrogen 
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saturated  and  aerated  31  sodium  chloride  environments^  In 
hydrogen  saturated  environments,  data  could  be  obtained 
throughout  the  120  test  hours  with  characteristics  similar 
te  those  generally  observed  for  sulfuric  acid.  In  general, 
slopes  increased  during  the  first  24-48  test  hours  and 
stabilized  thereafter.  Slope  convergence  was  considered 
excellent . 

Aerated  environment  resistance  polarization  test  results 
were  less  satisfactory.  Zero  and  .24  test  hour  data  were 
available  on  only  one  run.  Although  slopes  were  stable  with 
time..,  no  slope  convergence  was  observed.  Significant  differ¬ 
ences  were  observed  between  maximum  and  minimum  slopes  oh  a 
given  day.  Potential  fluctuations  were  similar  to  those 
observed  in  aerated  0.1N  sulfuric  acid;  therefore,  airflow 
was  stopped  Concentration  effects  were  observed  (Figs . 83- 92)  . 

Tests  were  conducted  to  determine  the  extent  of  the 
concentration  effects  in  aerated  3%  sodium  chloride/0 . 5N 
potassium  sulfate.  The  results  of  limited  tests  indicated 
that  significant  concentration  effects  may  have  been  present. 
Weight  ‘loss  tests  were  conducted  on  two  high  purity  iron  J 
laboratory  specimens  for  which  previously  consistent  corro¬ 
sion  rates  had  been  observed.  One  specimen  was  tested  in  an 
aerated  environment  with  no  airflow;  the  other  was  tested 
with  a  continuous  filtered  airflow.  After  a  120  hour  test, 
the  electrolyte  of  the  first  specimen  was  clear  and  con¬ 
tained  a  slight  reddish-brown  residue.  Tht  electrolyte  of 
the  other  specimen  was  reddish-brown  and  the  specimen  was 
not- visible  through  the  electrolyte.  Weight  loss  vests  showed 
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that  the  weight  lost  ;by>  the  second  specimen  was  approximately 
seven  times  that  o£  the  first.  Converted  to  corrosion  rate, 
the •  two.  specimens'  lost  weight  at  rates  of  93  and  651  microns/ 
year^respectively .  Although  testing  was  limited,  results  do 
tend  to  show  that  concentration  effects  may  be  significant  in 
aerated  environments  and  that  investigator  technique  (e.g. 
stopping  the  airflow)  may  have  had  a  significant  effect  upon 
corrosion  rate. 

Because  of  the  unexplained  data  non-linear ity  aiid  slope 
divergence  observed  for  aerated  Q.lN  sulfuric  acid  using 
cathodic  techniques,  supplementary  tests  were/  conducted  using 
0.01N  sulfuric  acid ..  Data  could  not  be  obtained  in  an  aerated 
environment  because  of  excessive  potential  fluctuations.  The 
results  of  resistance  polarization  tests  in  hydrogen  saturated 
0.01N  sulfuric  acid  are  shown  in  Appendix  E,. 

In  a  laboratory  test  cell,  cathodic  data  could  not  be 
obtained.  Using  cathodic  techniques,  large  current  densities 
produced  little,  if  any,  ^overvoltage  indication.  In  contrast, 
anodic  techniques  provided  consistent  resistance  polarization 
data.  Both  techniques  provided  s'  il’ar  data  for  the  experi¬ 
mental  test  coll;  however,  only  cathodic  data  are  reported. 

Of  particular  interest  in  these  tests  was  the  behavior 
of  the  steady-state  corrosion  potential  with  time.  Both 
corrosion  rate  and  corrosion  potential  (absolute  value) 
reached  minimum  values  at  approximately  72  test  hours.  Both 
increased  during  the  remainder  of  the  test,  although  the 
corrosion  potential  increase  was  small.  (Table  XI  and 
Figure  100  of  Appendix  F.) . 
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In  conclusion,  the  consistency  of  data  obtained  using 
the  experimental  probe  in  deaerated  environments  was  con¬ 
sidered  adequate  to  assume  data  reliability  and  reproduci¬ 
bility.  Although  considerable  consistent  data  were  obtained 
for  aerated  sulfuric  acid  environments  effects  observed  in 
0.1N- and  O.OIN  sulfuric  acid  and  3%  sodium  chloride/ 0.5N 
potassium  sulfate  produced  doubt  as  to  the  relevance  of 
aerated  environment  data.  In  general,  data  consistency  de¬ 
creased  as  electrolyte  pH  increased. 

Polarization  Resistance  Determination 

Polarization  resistance  v,  a  lues  were  determined  by  using 
graphical  and  computer  techniques.  In  general,  regardless  of 
environment  or  test  technique,  "by  run,  by  day"  data  tended 
to  verify  the  existence  of  a  linear  overvoltage  vs.  applied 
current  density  relationship  in  the  immediate  vicinity  of  the 
steady-state  corrosion  potential.  Statistical  t-test  provided 
by  the  linear  regression  program  confirmed  this  observation. 

However,  use  of  computer  techniques  alone  to  determine 
polarization  resistence  values  and  verify  the  linearity  of 
potential  vs.  applied  current  density  relationships  was  found 
unsatisfactory.  For  example,  data  shown  in  Figure  19  may  pro¬ 
duce  equivalent  computed  slopes  and  acceptable  t-test  statis¬ 
tics;  but,  entirely  different  conclusions  ore  drawn  about  data 
linearity  and  the  presence  of  concentration  effects  when  the 
data  are-  examined  graphically.  Therefore,  use  of  graphical 
techniques  was  considered  essential. 
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Determination  o£  average  daily  polarization  resistance 
values  was  also  done  using  both  graphical  and  computer  tech¬ 
niques.  The  general  ten<lency  for  slope  convergence  after  24- 
48  test  hours  was  shown  by  computer  results.  Statistical  t- 
tests  showed  that  data  correlation  was  generally  excellent 
during  the  final  72-96  test  hours.  Similarly,  the  lack  of 
correlation  during  the  initial  24-48  hours  \Sras  also  indicated. 
Since  in  no  instance  were  concentration  effects  similar  to 
Figure  7  observed,  for  data  on  a  "combined  daily"  basis,  the 
statistical  t-test  was  considered  an  adequate  indication  of 
combined  daily  data  correlation. 

Daily  Corrosion  Rate  Determination 

Appropriate  polarization  resistance  values  for  "by  run, 
by  day"  and  "combined  daily"  data  were  used  as  input  data  for 
the  computer  program  of  Appendix  N.  Appropriate  polarization 
resistance  values  were  considered  those  determined  by  graphical 
analyses;  however,  wherever  possible,  computer  determined  values 
were  used.  In  general,  only  for  a  few  randomly  located  cases 
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during  the  first  24  test  hours  were  graphical  and  computer 
results  different.  These  situations  arose  only  when  average 
polarization  resistance  was  being  determined  and  a  large  data 
envelope  was  observed. 

The  effect  of  time  on  computed  instantaneous  corrosion 
rate  is  shown  in  Appendices  F  and  G  for  the  laboratory  and 
experimental  test  cells,  respectively.  Corrosion  rate 
"envelopes"  were  drawn  (1)  to  show  approximate  observed 
corrosion  rate  ranges  and  (2)  to  show  corrosion  rate  conver¬ 
gence  and  stability  tendencies.  In  general the  figures  of 
Appendices  F  and  G  simplified  and/or  reinforced  much  of  the 
resistance  polarization  data  analysis. 

Laboratory  Test  Cell.  Figures  101-108  of  Appendix  F 
show  that,  generally,  greater  indicated  corrosion  rate  con¬ 
vergence  was  observed  using  anodic  techniques  for  sulfuric 
ac'd  environments.  This  tendency  was  not  observed  for  3% 
sodium  chloride/0. SN  potassium  sulfate.  Therefore,  no  general 
conclusion,  could  be  drawn. 

The  expected  decrease  and  stabilization  of  corrosion:  rate 
with  time  was  observed  using  cathodic  techniques  for  hydrogen 
saturated  IN  sulfuric  acid  in  a  laboratory  test  cell  (Figure 
101) .  In  the  remainder  of  the  sulfuric  acid  environment  tests, 
the  indicated  instantaneous  corrosion  rate  reached  a  minimum 
value  after  approximately  24  test  hours  and  increased  during 
the  remainder  of  the  test.  The  indicated  corrosion  rate 
increase  during  the  final  96  test  hours  was  most  noticeable 
for  cathodic  observations  in  0.1N  sulfuric  acid.  Anodic 


f 


GAM/MC/73-8  . 

techniques  may  have  produced  similar  results,  however,  120 
test  hour  data  were  not  available  due  to  excessive  potential 
fluctuations.  Laboratory  test  cell,  3%  sodium  chloride 
(0.5N  potassium  sulfate)  test  results,  shown  in  Figures  109 - 
112,  were  less  convergent  and  more  stable  than  sulfuric  acid 
tests. 

Experimental  Test  Cell.  The  instantaneous  indicated 
corrosion  rate  of  high  purity  iron  I  in  IN  sulfuric  acid  as 
indicated  in  the  experimental  test  cell  is  shown  in  Figures 
113-116  of  Appendix  G.  Data  convergence  was  generally  greatest 
at  C/A  *  2.5.  Only  at  120  test  hours  in  a  hydrogen  saturated 
environment  using  anodic  techniques  was  data  divergence  noted.. 
In  general,  the  indicated  corrosion  rate  decreased  and  stabil¬ 
ized  after  24-48  test  hours.  Data  convergence  and  stability 
during  the  final  72-96  test  hours  were1  considered  adequate  for 
each  C/A  ratio  investigated. 

Data  for  0;1N  sulfuric  acid  are  shown  in  Figures  117-120. 
Adequate  data  convergence  and  stability  were  observed  for  each 
C/A  ratio  investigated  in  a  deaerated  environment,  although 
widely  varying1  characteristics  wt-.re  observed  during  the  first 
24  test  hours.  In  aerated  0.1N  sulfuric  acid  environments, 
similar  variations  in  results  for  the  first  24  hours  were 
observed;  however,  the  adequacy  of  data  convergence  was 
questionable.  At  C/A  >.  2.5,  indicated  corrusfon  rates  varied 
over  a  wide  range.  Little,  If  any,  convergence  was  observed 
during  the  final  72  test  hours.  At  C/A  «  2.(, ,  convergence 
and  stability  of  anodic  and  cathode  data  during  the  final 
96  test  hours  was  considered  excellent. 
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Deaerated  3%  sodium  chloride/0. 5N  potassium  suifate 
environments  provided  excellent  date  convergence  and  stability 
for  each  C/A  ratio' investigated  (Figures  121-124).  Although 
greatest  convergence  was  noted  at  C/A  =0.2,  all  data  was  con¬ 
sidered  excellent.  Average  aerated  data  was  generally  stable 
during  the  final  72  test  hours;  however,  widely  varying  by 
run,  by  day  results  with  little,  if  any,  convergence  were 
observed  during  this  period. 

Indicated  Steady- State  Corrosion  Rate  * 

Using  graphical  and  computer  techniques,  the  indicated 
steady-state  corrosion  rate  data  shown  in  Appendices  H  and  I 
were  obtained.  Table  XII  of  Appendix  H  shows  the  graphically 
determined,  laboratory  test  cell,  indicated  steady-state 
corrosion  rates*  Figures  125-130  of  Appendix  I  show  the 
graphically  determined  indicated  corrosion  rates  for  experi¬ 
mental  test  cell  configurations  plotted  as.  a  function  of 
cathode -to -anode  surface  area  ratio.  Computer  regression 
techniques  were  used  to  determine  whether  or  not  observed 
instantaneous  corrosion  rate  vs.  time  data  obtained  in  the 
experimental  test  cell  fi^  the  relationship  of  Eq  (21).  The 
resulting  data  arc  shown  in  Tables  XIII  -  VX  of  Appendix  I. 

C/A  Ratio  Effects.  The  effect  of  cathode- to-anode  sur- 
* 

face  area  ratio  on  the  steady-state  corrosion  rate  indicated 
in  an  experimental  test  cell  was  negligible  for  IN  sulfuric 
acid,  hydrogen  saturated  O.lNsulfuric  acid,  and  aerated 
sodium  chloride/0. 5N  potassium  sulfate.  Although  the  indi¬ 
cated  corrosion  rate  ranges  varied  considerably  amongst  the 
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various  C/A  ratios  investigated  in  these  environments,  corro¬ 
sion  rate  did  not  tend  to  increase  or  decrease  as  G/A  ratio 
was  increased.  Cathodic  and  anodic  polarization  techniques 
provided  similar  results. 

In  the  remainin'",  environments,  aerated  0.1N  sulfuric  acid 
and  hydrogen  saturated  3%  sodium  chloride/0. 5N  potassium  sul¬ 
fate,  C/A  ratio  effects  may  have  been  observed.  In  aerated 
0.1N  sulfuric  acid,  the.  upper  limit  of  the  corrosion  rate  range 
increased  as  C/A  ratio  increased.  The  increase  was  particu¬ 
larly  noticeable  for  C/A  *  2.5  (Figure  128);  however,  these 
results  were  considered  inconclusive  for  two  reasons.  First, 
not  enough  C/A  ratios  were  investigated  to  provide  conclusive 

results;  and,  second,  the  region  in  which  G/A  *■  2.5  was  also 

2  2 

the  region  in.'  which  anode  size  was  reduced  from  5cm  to  2cm  . 

«  * 

In  0.1N  sulfuric  acid,  especially  in  aerated  conditions., 
considerable  pitting  attack  was  observed  (Figure  142  of 
Appendix  L) .  Although  this  photomicrograph  was  taken  of  a 
laboratory  specimen,  similar  pitting  attack  to  a  lesser  degree 
was  observed  on  the  exposed  end  (i.e.,  the  end  grains)  of 
experimental  specimens  after  0.1N  sulfuric  acid  tests.  Very 
little,  if  any,  localized  attack  was  observed  on  the  cir¬ 
cumferential  exposed  area. 

Experimental  specimens  were  machined  to  a  constant  diam¬ 
eter  and  surface  area  changed  by  varying  specimen  length. 

As  surface  area  was  decreased,  the  end  of  the  experimental 
spe.cimen  comprised  a  larger  percentage  of  the  surface  area. 
Thus,  a  greater  percentage  of  the  surface  area  was  subjected 
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topittirig  attack  aiid  the  exposed  surface  area  was  most 
noticeably  changed  in  size  and  shape.  This  change  in  surface 
area- size  and  shape  as  a  result  of  pitting  attack  may  have 
been  more  responsible  for  the  increased  corrosion  rate  range 
than  the 'increased  C/A  ratio. 

Hydrogen  saturated  3%  sodium  chloride  environments 
produced  results  shown  in  Figure  120  of  Appendix  I .  Test 
results  indicated  that  the  upper  and  lower  steady-estate 
Corrosion  rate  limits  increased  by  approximately  10  microns/ 
year  over  the  range  of  C/A  ratios  investigated.  This  repre¬ 
sented  approximately  a  503  corrosion  rate  increase  which  was 
considered  insignificant  when  compared  to  the  seven  fold 
increase  observed  by  varying  electrolyte-  agitation. 

Thus,  tests  conducted  using  the  experimental  test  cell 

« 

do  show  that,  over  the  range  of  cathode-to-anode  ratios 
investigated  and  using  the  techniques  described  in  Chapter  IV, 
cathode-to-anode  surface  area  ratio  had  little  effect  upon 
indicated  corrosion  rate.  Similarly,  pitting  attack  on  end 
grain  areas  of  experimental  specimens  of  various  lengths  may 
have  been  responsible  for  the  significant  increase  of  the 
upper  limit  of  the  indicated  steady-state  corrosion  rate 
range.  The  indicated  steady-state  corrosion  rate  ranges 
from  the  experimental  test  cell  tests  of  this  investigation 
are  shown  in  Table  III. 

Laboratory  and  Experimental  Test  Cell  Results.  Comparison 
of  steady-state  corrosion  rates  indicated  in  laboratory  and 
experimental  test  cells  was  completed  using  Table  III  and 
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Table  III 

Indicated  Steady- State  Corrosion  Rates 
in  the  Experimental  Test  Cell  ■ 


Test  Cell  Polarization  Corrosion  Rate  Ranges  (microns /year) 
onf ieuration*  Technique  Minimum  T"  'Maximum5  I  Range 


Cathodic  340  525  185 

Anodic  340  560  220 

Cathodic  360  *  550  190 

Anodic  360  5.70  210 

,  Cathodic  170  330  160 

Anodic  190  360  170 

Cathodic 
Anodic 
Cathodic 
Anodic 
Cathodic 
Anodic 


*See  Table  XIX,  Appendix  K  for  explanation 
of  configuration  numbering. 
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Table  XIX i,  Appendix  H.  In  the  hydrogen  saturated  -erivir, 
tested,  3  "'.oratory  and  experimental  test  cell  results  vr 
consider  equivalent..  In  deaerated  sulfuric  acid  envi .. 
ments,.  indicated  corrosion  rate  ranges  were  smaller 
the  labor  ory  test  cell  than  in  the  experimental  test 
Consideri:."  the  cost,  accuracy,  and  sensitivity  of  labo"; 
equipment ^  this  was  as  expected.  In  deaerated  3$  sodiv 
chlorid VO •  5N  potassium  sulfate,  both  test  cells  produv 
iiar  rc  n3  s.  Considering  the  wide  pH  range  observed  i 
laboratc  •  test  cell,  the  magnitude  of  the  laboratory  -i 
cell  coi:-  ion  rate  range  was  not  unexpected. 

Res*.  :s  obtained  for  aerated,  sulfuric  acid  envirc;- 
did  not  '-'At  the  degree  of  correlation  shown  in  hydros 
saturate  nvironments ..  Steady-state  corrosion  rates  i 
cated  ir  !,e  experimental  test  cell  were  not  greatly  i-.' 
by  chan;  :  the  degree  of  aeration  (i.e.  both  aerated  . 
hydrogel  iturated  environments  provided  similar  rest.*' 

In  conti:  laboratory  test  cell  results  showed  that  - 

tion  did  bstantially  increase  the  indicated  steady-:  ' 
corrosic  '-ate  range.  ?or  IN  sulfuric  acid,  both  low*.", 
upper  C'.-  csion  rate  limits  were  increased  by  approxi".< 
a  facte  •  f  two.  For  0.1N  sulfuric  acid,  aeration  of 
laborat  test  cell  increased  the  upper  corrosion  iv. 
by  50-3*  ..crcent,  while  the  lower  limit  increased  o;>V 
slight!;  . 

Ex:  'mental  test  cell  results  for  aerated 

chlorid  ;'.5N  potassium  sulfate  tended  to  verify  prev  . 


75 


6AM/MC/73V8  -  • 

discussed  results  concerning  the  sensitivity  of  this  test 
cell  configuration  to  increased  aeration  and  electrolyte 
agitation.  For  each  C/A  ratio  investigated,  lower  and  upper 
rate  limits  increased  by  approximately  factors  of  3  and  4, 
respectively,  upon  aeration.  In  contrast,  laboratory  test 
cell  results  increased  by  less  than  a  factor  of  two  upon 
aerations  The  significantly  different  hydrogen  ion  concen¬ 
trations  of  sulfuric  acid  and  sodium  chloride  may  explain 
the  different  aeration  effects  observed  in,  these  environments. 

Computer  Techniques ♦  Regression  analyses  of  experi¬ 
mental  test  cell  data  to  determine  whether  or  not  actual  data 
fit  the  relationship  of  Eq  (21)  were  considered  insufficient 
to  draw  general  conclusions.  However,  some  problems  were 
found  in  Interpreting  computer  output. 

The  computed  steady- state  corrosion  rate,  was  given 
as  a  single  value  without  variance.  The  coefficient,  62’  was 
-given  as  an  estimated  coefficient  with  a  variance.  This 
variance  was  computed  as  if  constant  for  the  entire  length  of 
the  estimated  line  (Eq  (21)).  However,  from  practical  experi¬ 
ence,  the  variance  was  not  constant,  but  rather  decreased 
rapidly  during  the  first  24-48  test  hours  to  a  more  constant 
value.  Thus,  standard  deviation  information  shown  in  Tables 
XI I I -XV  of  Appendix  I  may  be  considerably  higher  than  actually 
present  in  the  region  where  the  steady-state  corrosion  rate 
was  indicated. 

The  computed  t-test  and  F  statistics  provided  by  the 
program  should  have  indicated  the  general  agreement  of  actual 
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data-  with  the  estimated  relationship.  Because  of  the  wide 
variation  in  actual  data  during  the  first  24  test  hours,  use 
•of  these  statistics  was;  considered  unreliable'.  Although  data 
generally  fit  the  estimated  relationship),  especially  during 
the  final  96  test  hours,  no  conclusion  to  this  fact  could 
be  drawn  from  the  computer  results  alone. 

Observed  vs.  Indicated  Results 

Up  to  this  point,  the  discussion  has  focused  on  data 
obtained  during  this  investigation  using  resistance  polariza¬ 
tion  techniques.  Thus,  the  discussion  has  not  approached  the 
question  of  the  accuracy  of  indicated  corrosion  rate  data. 

The  results  obtained  using  galvanpstatic  resistance 
polarization  techniques  for  hydrogen  saturated  IN  sulfuric  acid 
were  compared  with  the  results  of  Coburn'-  ; .  The  indicated 
corrosion  rate  ranges  (270-480  microns/year  and  3.40-570  microns/ 
year  using  the  laboratory  and  experimental  test  cells  *  respect¬ 
ively)  were  slightly  less  than  the  642  microns/year  which  was 
reported  by  Coburn^0^ ;  however,  this  was  as  expected.  By 
allowing  the  hydrogen  to  flow  throughout  the  test,  the  long 
periods  of  aeration  previously  encountered  between  daily 
resistance  polarization  tests  were  avoided. 

Weight- loss  tests  performed  simultaneously  with  resis¬ 
tance  polarization  tests  provided  a  corrosion  rate  range  of 
648-1223  microns/year  or  a  mean  of  989  microns/year  from  six 
tests  (Table  XX,  Appendix  K)  in  the  laboratory  test  cell. 
Experimental  test  cell  results  wore  674-1122  microns/year  or 
a  mean  of  859  microns/year  for  eight  tests.  The  consistency 
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of  these  results  indicated  that  actual  weight  losses  in  the 

'J  ■ 

two  test  ceils  were  comparable.  These  remits  were  slightly 
higher  than  indicated  by  resistance  polarisation  techniques; 
however,  weight-loss  test  results  agreed  ore  closely  with 
the  rates  reported  by  McKay  and  Worthing..-'.*  (835  microns/ 

year),  Plumb  (1170  microns /year) ,  Gr  ,cr.e  and  Saltzman^ 
(1580  microns /-year)  ,  and<Mottern^^  (S>'  microns/year) . 

Actual  penetrations  of  - 10-15,  mils  were  c  erved  after  120 
hour  tests  in  laboratory  test  cells. 

In  aerated  IN  sulfuric  acid,  actus'  ’  .-netrations  of 
14-22  mil's  were  noted  in  laboratory  svvC,  \sns  after  the  120 
hour  tests.  Again,  actual  penetration  \  .  .  greater  than 
indication  by  resistance  polarization  1  n.iques  or  as  observed 
from  weight-loss  tests;  however,  the  c*  -  ‘.stency  of  weight- 
loss  and  resistance  polarization  data  si  rid  be  noted.  For 
the  laboratory  specimens,  the  indicated  .  -'-erosion  rate  range 
was  500-960  microns/year.  This  was  app  'imately  twice  the 
rate  observed  in  hydrogen  saturated  on*  \>nments.  Corres¬ 
pondingly,  the  results  of  weight- loss  -v  is  showed  a  similar 
increase  (1019-2150  microns/year  or  a  v  .i  rate  was  1342 
microns/year  for  six  tests).  Thus,  fc  • 'b oratory  specimens, 
resistance  polarization  and  weight-loss  .  „<st  results  varied 
similarly;  however,  corrosion  rates  we'  vot  comparable. 

The  experimental  test  cell  indie  ,< ; .  '•  a  corrosion  rate 
range  of  360-S80  microns/year.  A  mean  .  •rxosion  rate  of 
787  microns/year  was  found  from  weight-  *.s  tests.  This 
correlation  was  better  than  observed  the  laboratory 
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probe.  Since  laboratory  specimen  exposed  surface  was- comp¬ 
letely  endgrain  material  and  since  endgrain  areas  appeared 
most'  susceptible  to  accelerated  attack  (i.e;  little  accel¬ 
erated  attack  was  noted  on  the  circumferential  surface  of 
the  experimental  probes),  the  increased  experimental  specimen 
corrosion  rate  correlation  may  have  been  due  to  the  reduced5 
percentage  of  exposed  endgfains. 

The  severity  of  actual  corrosion  damage  is  shown  in 
Figures  136.-1:38  of  Appendix  L.  Comparison  of  these  photo¬ 
micrographs  with  Figures  157-160  suggests  the  susceptibility 
of  the  laboratory  specimens  to  intergranular  attack-.  Similar 
attack  to,  a  much  lesser  extent  was  noted  on  the  exposed  end 
of  the  experimental  specimens .  For  either  specimen  type, 
hydrogen  saturated  environments  produced  considerably  less 
actual  damage;  however,  the  same  corrosion  mechanism  was 
apparently  present. 

Thus,  in  IN  sulfuric,  acid  resistance  polarization  tech¬ 
niques  may  have  adequately  indicated  the  rate  of  metal  surface 
dissolution.  Weight-loss  test  results  and  photomicrographs 
(Figs.  137,  158 j  and  159)  indicated  that  actual  metal  loss 
may  have  been  primarily  intergranular  and  that  intergranular 
attack  may  have  proceeded  completely  around  bulk  grains. 
Resistance  polarization  techniques  generally  produced  corro¬ 
sion  rate  indications  somewhat  less  than  weight-loss  tests. 
Neither  accurately  indicated  the  severity  of  the  actual 
penetration  damage  occurring  at  the  metal  surface. 

In  0.1N  sulfuric  acid,  localized  endgrain  corrosion 
was  .also  evidenced;  however,  this  accelerated  attack  appeared 
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to  be  crevice- and  pitting  attack.  In  addition,  these  local¬ 
ized  forms  of  attack  appeared  to  be  present  regardless  of 
the  degree  of  aeration. 

In  the  laboratory  test  cell,  resistance  polarization 
techniques  nay  have  indicated  that  some  form  of  localized 
attack;  was  present..  The  rapid  increase  in  indicated  corrosion 
rate  after  24  test  hour's  indicated  by  Figs.  105-108  may  have 
provided  this  indication.  Similarly,  the  variation  of  steady- 
state  corrosion  potential  (Tables  VII  and  VIII,  Appendix  B) 
may  also  have  signaled  the  presence  of  localized  attack. 

Laboratory  specimen  weight- loss  test  results  verified 
that  localized  attack  war,  present.  Six  tests  provided  a 
corrosion  rate  range  of  1175-1858  microns/year  with  a  mean  of 
1556;  microns/year  in  deaerated  environments.  In  aerated 
environments,  the  mear  and  range  Vere  15,64  microns/year  and 
1015/1958  microns/year,  respectively.  These  results  tended 
to  show  that  the  pitting  and  crevice  attack  which  occurred 
were,1  independent  of  the  degree  oi  aeration. 

Photomicrographs  further  confirmed  the  presence  of  severe 
pitting  and  crevice  attack  (Figs.  159-142,  Appendix  L) .  These 
photomicrographs  may  also  have  shcr'ii  why  weight-loss  test 
results  were  considerably  higher  than  could  have  been  pre¬ 
dicted  from  the  area  beneath  the  indicated  corrosion  rate  vs. 
time  graphs.  In  Figures  139  and  140,  severe  localized  damage 
(i.e.  crevice  attack)  is  visible.  This  crevice  attack  occurred 
in  the  region  where  the  f luorocart on  seal  contacted  the  metal 
surface.  Various  amounts  of  applied  electrode  assembly  head 
torque  could  not  eliminate  the  presence  of  this  crevice. 
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Examination  of  Figure  140  shows  that  at  two  points 
within  the  crevice,  the  attack  has  apparently  proceeded  inter 
granularly  around  metal  particles.  If  this  occurred  often 
within  the  crevice,  a  considerable  amount  of  metal  could  be 
lost  from  the  surface.  Similarly,  if  resistance  polarization 
methods  indicated  the  metal  dissolution  rate,  these  particle 
losses  may  have  gone  undetected.  In  addition,  due  to  the 
pitting  attack  shown  in  Figure  142,  the  metal  surface  shape 
and  area  have  been  significantly  altered.  These  combined 
factors  may  account  for  the  difference  between  the  indicated 
corrosion  rate  and:  actual  weiight-loss  realized. 

As  in  IN  sulfuric  acid,  neither  weight- loss  nor  resist¬ 
ance  polarization  techniques  accurately  indicated  the  actual 
penetration  to  which  corrosion  damage  proceeded.  Actual  pene 
trations  of  16-27  mils  were  observed  in  laboratory  specimens. 
Thus,  for  0.1N  sulfuric  acid  in  the  laboratory  test  cell,  the 
presence  of  localized  attack  may  have  been  indicated  by  both 
resistance  polarization  and  weight- loss  techniques;  however, 
the  actual  damage  was  not  adequately  indicated. 

For  the  experimental  specimens,  resistance  polarization 
techniques  indicated  that  aeration  had  little  effect  upon 
corrosion  rate.  Weight-loss  tests  showed  that  aeration  did 
affect  corrosion  rate.  Resistance  polarization  techniques 
indicated  corrosion  rate  ranges  of  170-360  and  160-370 
microns/year  for  deaerated  and  aerated  environments,  respect¬ 
ively.  Weight-loss  tests  produced  a  mean  corrosion  rate  of 
537  microns/year  from  twelve  tests  with  a  range  of  434-633 
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microns/year  in  deaerated  environments.  In  aerated  environ¬ 
ments,  a  mean  of  732  microns/year  for  nine  tests  arid  a  range 
of  5S0-945  microns/year  were  observed. 

Endgrain  corrosion  may  have  accounted  for  the  differences 
noted  between  resistance  polarization  and  weight-loss  test 
results.  Weight-loss-determined  corrosion  rates  were  generally 
larger  for  small  samples.  The  percentage  of  the  total  surface 
which  was  endgrain  material  also  increased  as  specimen  size 
decreased.  As  was  noted  for  laboratory  specimens,  endgrain 
attack  was  localized  and  relatively  independent  of  the 
degree  of  aeration.  As  specimen  size  decreased,  the  average 
surface  area  weight  loss  could  have  been  expected  to  increase. 
Thus,  the. size  of  the  weight-loss  test  specimens  and  grain, 
orientation  may  have  been,  more  of  a  determining  factor  than 
the  degree  of  aeration.  No  method  was  found  by  which  weight- 
loss  data  could  be  used  to  identify  and  quantify  portions  of 
the;  attack  as  general  or  localize.^. 

In  both  IN  and  0.1N  sulfuric  acid,,  crevice  attack  was 
observed  on  the  base  of  the  experimental  specimens.  Typical 
damage  is  shown  in  Figures .148-151  of  Appendix  L.  Various 
sealing  surfaces  and  applied  installation  torque  combinations 
were  used;  however,  no  technique  was  found  to  eliminate  the 
crevice  effects  which  occurred.  Similar  damage  occurred  on 
all  experimental  specimens  in  both  aerated'  and  deaerated 
environments.  This  further  supported  the  observations  that 
crevice  attack  was  independent  of  the  degree  of  aeration. 

These  photomicrographs  also  indicated  that  localized 
attack  began  at  some  distance  from  the  specimen  circumference. 
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.Variation  in  applied  installation  torque  appeared  to  change 
the  radial  distance  of  the  observed  crevice  (i.e.  the  greater 
the -torque,  the  closer  the  crevice  to  the  circumference  of 
the  specimen  base) 5  however,  the  crevice  could  not  be  elimin¬ 
ated.  For  crevices  close  to  the  specimen  circumference’, 
attack  similar  to  Figure  151  was  observed  with  the  eventual 

destruction  or  loss  of  material  between  the  crevice  and  the 
specimen  circumference.  This  loss  or  destruction  may  have 
contributed  significantly  to  the  weight  lost  during  the  test 
period  and,  thus,  the  larger  weight-loss  determined  corrosion 
rate  of  experimental  specimens . 

In  hydrogen  saturated  3%  sodium  chloride /0. 5N  potassium 
sulfate  the  indicated  laboratory  specimen  corrosion  rate  of 
approximately  19-55  microns/year  by  resistance  polarization 
techniques  was  consistent  with  the  average  of  59  microns/year 
observed  from  three  weight^loss  tests.  Very  little  accelerated 
attack  was  observed.  At  the  circumference  of  the  exposed, 
surface  area,  an  area  of  slight  intergranular  attack  was 
present;  however,  actual  penetration  was  found  to  be  less  than 
2-3  mils.  Actual  penetration  may  have  been  less  than  micro¬ 
meter  accuracy. 

Experimental  specimen  results  in  deaerated  3%  sodium 
chloride  were  not  as  comparative.  The  resistance  polarization 
indicated  corrosion  rate  range  of  20-38  microns/year  was  con¬ 
siderably  less  than  the  83-93  microns/year  observed  from  six 
weight-loss  tests.  The  unusually  high  weight-loss  corrosion 
rates  may  have  been  due  to  localized  attack.  Figures  152-153 
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of  Appendix  L  show  typical  pitting  attack  which  occurred 
on  the  circumferential  exposed  surface  of  the  experimental 
specimens.  This  attack  was  greater  than  that  observed  on 
experimental  specimens  in  sulfuric  acid  environments.  Thus,- 
because  of  the  very  low  corrosion  rate  reported  for  iron  in 
environments  with  pH  =  5-7  (e.,g..  McKay  and  Worthington^^ 
report  45-90  microns/year) ,  any  localized  attack  may  have 
been  a  large  portion  of  the  total  weight- loss  observed. 

In  addition,  small  amounts  of  face  pitting  and  base 
crevice  attack  similar  to  that  observed  in  0.1N  sulfuric  acid 
were  observed.  Again,  because  of  the  low  indicated  corrosion 
rate,  forms  of  localized  attack  may  have  contributed  signifi¬ 
cantly  to  the  total  weight  lost.  If  the  weight  lost  by 
localized  attack  was  by  a  bulk  intergranular  mechanism  as 
indicated  for  0.1N  and  IN  sulfuric  acid  environments,  then  the 
theory  that  resistance  polarization  techniques  indicated  the 
rate  of  metal  dissolution  could  be  further  supported.  Pit 
surface  roughness  (Fig.  153)  may  Indicate  the  intergranular 
nature  of  localized  attack;  however,  n'o  conclusive  evidence 
was  found. 

In  aerated  3%  sodium  chloride  environments,  the  difference 
amongst  laboratory  and  experimental  test  cell  and  weight-loss 
test  results  was  greater  than  in  deaerated  environments.  The 
laboratory  test  cell  indicated  corrosion  rate  range  of  38-62 
microns/year  was  considerably  less  than  the  range  of  60-150 
microns/year  observed  in  the  experimental  test  cell.  Both  of 
those  ranges  were  considerably  lower  than  corresponding  weight- 
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loss  test  ranges.  Weight- loss  tests  showed  that  laboratory 
and  experimental  specimens  had  corrosion  rate  ranges  of 
111-185  and  167-342  microns/year ,  respectively. 

The  intergranular  attack  occurring  on  laboratory  speci¬ 
men  surfaces  is  shown  in  Figures  146  and  147  of  Appendix  L. 
Although  the  variation  between  resistance  polarization  and 
weight  loss  results  is 'not  explained,  the  photomicrographs 
do  show  that  actual  penetration  (3-7  mils)  was  considerably 
greater  than  either  resistance  polarization  or  weight  loss 
techniques  indicated. 

In  summary,  resistance  polarization  techniques  generally 
provided  an  accurate  indication  of  the  rate  of  metal  dissolution 
by  electrochemical  processes.  Weight- loss  tests  provided  a  more 
accurate  indication  of  the  total,  material  weight  loss,., 

However,  because  of  Observed  localized  endgrain  corrosi.on, 
neither  technique  accurately  described  the  actual  corrosion 
penetration.  In  addition,  it  is  doubtful  that  resistance 
polarization  specimens  could  be  used  effectively  over 
extended  periods  because  of  the  observed  susceptibility  of 
these  specimens  to  localized  forms  of  attack,.  Finally, 
although  the  corrosive  attack  on  the  test  specimen  may  be 
accurately  indicated,  the  correlation  of  this-  attack  to  that 
occurring  in  an  operating  system  has  yet  to  be  shown. 

Iron  Purity  Effects 

Because  o^  the  effect  of  iron  purity  on  corrosion  rate 
reported  by  Greene  and  Clary^^,  high  purity  iron  specimen  II 
(Table  I)  was  tested  to  determine  (1)  if  corrosion  rate  was 
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sensitive  to  changes  in  iron  purity  and  (?)  if  this  sensi¬ 
tivity  could  be  detected  using  resistance  polarization  tech¬ 
niques-  Test  results  are  shown  in  Appendix  J.  Due  to  time 
constraints,,  only  limited  testing  was  completed.  Hydrogen 
saturated:  IN  sulfuric  acid  was  chosen  for  the  tests  because 
of  the  correlation  achieved  between  laboratory  and  experimental 
test  cells  in  this  environment. 

The  effects  of  time  on  instantaneous  indicated  corrosion 
rate  for  laboratory  and  experimental  test  cells  are  shown  in 
Figures  134  and  135,  respectively.  The  indicated  steady-state 
corrosion  rate1  of  a  laboratory  specimen  was  approximately  9,000 
microns/year.  The  experimental  specimen  steady-state  corrosion 
rates  were  similar  for  the  C/A  ratios  selected.  Corrosion 
rates  of  6500-9500  and  4500-700.0  microns/year  were  indicated 
for  C/A  ratios  of  two  and  three,  respectively. 

Weight -loss  teryts  were  conducted,  during-  the  two  labora¬ 
tory  test  cell  runs.  The  results  are  shown  in  Table  XIX, 

'  Appendix  J.  As  expected,,  the  actual  metal  loss  was  greater 
than  the  resistance  polarization  corrosion  rate  range;  however, 
the  magnitude  of  the  difference  was  not  expected.  Although 
only  limited  testing  was  done,  no  correlation  was  found 
between  resistance  polarization  and  weight-loss  corrosion 
rates . 

Photomicrographs  of  both  laboratory  a’nd  experimental 
test  cell  specimens  were  taken.  The  laboratory  specimen  is 
shown  in  figures  143-145,  Appendix  L.  The  experimental 
-specimen  is  shown  in  Figures  154-155.  Both  specimens 
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incurred  considerable  corrosion  attack.  Because  of  the 
magnitude  of  the  damage.,  the  mechanism  by  which  the  damage 
occurred  was  not  visible  at  low  magnification.  However,  at 
higher  magnification  (Figs.  144  and  145)  an  indication  of 
the  corrosion  mechanism  may  have  been  visible. 

In  tihese  photomicrographs,  a  surface  film, which  appeared 
to  be  iron  oxide,  could  be  seen.  However,  the  film  was  not 
continuous.  The  surface  film  pattern  may  have  marked  the 
location  of  grain  boundaries.  If  so,  the  theory  that  metal 
dissolution  occurred  at  the  more  active  grain  boundaries  may 
be  further  supported.  The  grain  structure  of  specimen  IT  is 
shown  in  Figure  156. 

The  corrosion  .process  which  occurred  on  the  surface  of 
an  iron  IT  specimen  was  violent.  Evidence  of  this  violence 
was  visible  during  corrosion  rate  tests.  Gaseous  bubbles  were 
continuously  evolved  from  the  surface.  If  the  reaction  was  as 
violent  as  indicated,  the  protective  hydrogen  film  may  have 
broken  down  almost  as  fast  as  it  was  fo' ned.  If  this  occurred 
and  left  a  more  anodic  unprotected  grain  and  a.  more  noble 
(cathodic)  protected  grain,  boundary,  a  metal  oxide  coating 
may  have  tended  to  form  slowly  on  the  bulk  grain  surface.  If 
for  some  reason  the  oxide  coating  at  the  grain  boundary  tended 
to  breakdown,  a  situation  similar  to  Figure  145  might  result. 
At  this  point,  rapid  and  severe  intergranular  attack  may  have 
begun.  No  reason  can  be  offered  as  to  why  the  grain  boundary 
oxide  would  tend  to  be  less  stable  and  cohesive  than  the  oxide 
formed  on  the  bulk  grain  unless  the  speed  of  ox: do  formation 
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affected  its  stability  and  cohesiveness  (i.e.  the  slower 
the  oxide  forms,  the  more  cohesive  the  oxide  coating). 

••  Using  the  results  of  Greene  and  Clary^^  and  the 
laboratory  analyses  of  the  composition  of  the  two  specimens 
used  during  this  investigation,  the  corrosion  rate  of  specimen. 
II  could  have  been  predicted  as  greater  than  specimen  I; 
however,  the  magnitude'  of  the  difference  between  indicated 
and/or  observed  corrosion  rates  of  the  two  specimens  could 
not  have  been  predicted.  No  explanation  could  be  found  for 
the  magnitude  of  the  difference  in  corrosion  rates;  however, 
this  limited  testing  did  indicate  that  knowing  the  corrosion 
rate  of  "pure  iron"  in  an  operating  environment  may  be  of 
little  or  no  value.  The  synergistic  effects  produced  by 
the  various  impurity  (alloying)  elements  may  be  far  more 
important.  Thus,  unless  tests  are  conducted  using  an  anodic 
surface  which  is  a  sample  of  the  material  for  which  corrosion 
rate  information  is  desired,  the  results  may  be  less  than 
meaningful.  For  the  particular  specimens  tested  in  hydrogen 
saturated  IN  sulfuric  acid,  polarization  resistance  indicated 
corrosion  rates  were  considered  accurate  measures  of  the  rate 
of  metal  surface  dissolution;  however,  these  indicated  rates 
were  not  considered  accurate  measures  of  the  actual  damage 
(i.e.  the  penetration  of  corrosion  damage). 
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VI .  Results  and  Conclusions 

Results 

..  1.  An  experimental  probe  with  anode,  cathode,  and 
reference  electrodes  of  the  same  material  was  designed  and 
tested  using  resistance  polarization  techniques. 

2.  Experimental  test  cell  resistance  polarization  data 
displayed  sufficient  s.lope  convergence  and  stability  after  a 
120  hour  test  period  to  permit  determination  of  steady-state 
corrosion  rates. 

3.  Experimental  test  cell  resistance  polarization  data 
displayed  sufficient  reproducibility  during  the  final  72-96 
test  hours  to  permit  steady-state  corrosion  rate  determination 
within  a  factor  of  two. 

4v  From  resistance  polarization  tests,  steady-state 
corrosion  rate  ranges  determined  using  cathodic  and  anodic 
techniques  were  in  general  agreement.  In  IN  sulfuric  acid 
and  3%  sodium  cbloride/0 . 5N  potassium-  sulfate,  corrosion 
rate  ranges  agreed  within  20% i  In  0.1N  sulfuric  acid  agree¬ 
ment  was  within  255, 

5.  Corrosion  rates  determined  from  weight-loss  tests 
were  2-3  times  higher  than  corresponding  rates  indicated 
using  resistance  polarization  techniques. 

6.  Actual  corrosion  penetrations  due  to  localized 
attack  were  30-70  times  greater  than  penetrations  indicated 
by  resistance  polarization. 

7.  Photomicrographs  showed  the  presence  of  considerable 
localized  attack  -‘intergranular,  crevice,  and  pitting  attack- 
on  the  endgrain  surfaces  of  both  laboratory  and  experimental 
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specimens.  With  time,  localized  attack  caused  considerable 
increase  of  the  exposed  surface  area. 

8.,  From  the  laboratory  specimen,  weight- loss  tests  . 

and  penetration  measurements,  intergranular  attack  increased 

< 

with  electrolyte  aeration,  while  pitting  and  crevice  attack 
were  independent  of  the  degree  of  aeration i 

9.  From  photomicrographs,  some  weight  loss  appeared  to 
result  from  complete  intergranular  grain  boundary  destruction 
and  the  loss  of  grains  from  the  original  crystalline  structure 

10.  With  time,  resistance  polarization  data  could  not 
be  obtained  due  to  excessive  potential  fluctuations;  however, 
the  general  behavior  of  .steady-state  corrosion  potential 
could  be  determined  throughout  the  120  test  hours. 

11.  In  the  laboratory  test  cell,  instantaneous  corrosion 
rate  vs,  time  curves  .did  not  consistently  display  the  expected 
corrosion  rate  decrease  and  stabilization  with  time.  Espec¬ 
ially  in  0. IN  sulfuric  acid,  corrosion  rate  and  corrosion  rate 
range  increase  were  observed  during  the  final  72-96  test 
hours . 

12..  In  the  laboratory  test  cell,  using  high  purity  iron 
I*  steady-state  or  '’equilibrium"  corrosion  potential  (Ecorr) 
and\  instantaneous  rate  data  displayed  similar  trends-  with  time 

,13.  Varying  the  experimental  probe  cathode- to-anode 
surface  area  ratio  did  not  affect  the  indicated  steady-state 
corrosion  rate  range. 

14.  Daily  anodic  resistance  polarization  data  were  linear 
within  +  10  millivolts  of  the  steady-state  corrosion  potential 
for  each  test  environment. 
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15.  In  3*  sodium  chloride/0 .5N  potassium  sulfate, 
Cathodic  resistance  polarization  data  displayed  evidence  of 
concentration  polar!  *  ..cion. 

16..  In  aerated  0.1N  sulfuric  acid,  cathodic  resistance 
polarization  data  deviated  from  linearity  opposite  that  which 
would  have  been  expected  due  to  concentration  polarization. 

In  additional  tests  using  deaerated  0.1N  sulfuric  acid, 
similar  deviations  were  observed..  Applied  cathodic  current 
densities  produced  little  overvoltage.  In  both  0.1  and  O.OIN 
sulfuric  acid,  anodic  data  could  be  obtained. 

17.  Electrolyte  motion  and  agitation  from  filtered 
airflow  in  31  sodium  chloride/0 . 5N  potassium  sulfate  caused 
a  seven  fold  increase  in  the  corrosion  rate  as  determined 
from  weight  r'loss  tests. 

18..  Resistance  polarization  data  could  not  be  obtained 
with  filtered  airflow  in  0.1-N  sulfuric  acid  or  3£  sodium 
•chloride  due  to  excessive,  random  overvoltage  fluctuations. 
After  stopping  the  airflow  and  allowing  electrolyte  stabili¬ 
zation,  resistance  polarization  data  could  be  obtained. 

19.  J-n  some  instances,  during  the  first  24  test  hours, 
average  polarization  resistance  values  could  not  be  obtained 
by  computer  techniques  due  to  a  wide  variation  among  resist¬ 
ance  polarization  data  for  the  test  runs.  Where  wide  corro¬ 
sion  rate  variation  during  the  first  24  test  hours  and/or 
corrosion  rate  increase  during  the  final  72-96  hours  were 
observed,  computer  determined  steady-state  corrosion  rates 
were  not  within  the  graphically  determined  steady- state 
corrosion  rate  range. 
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20.  The  corrosion  rate  of  iron  specimen  II  was  approxi¬ 
mately  10-20  times  that  of  iron  specimen,  I  in  deaerated  IN 
sulfuric  acid. 

Conclusions 

1.  Resistance  polarization  techniques  appear  to  provide 
reliable,  reproducible,  and  accurate  indication  of  the  instant¬ 
aneous  rate  of  general  metal  surface  dissolution. 

2.  Bulk  material  loss.,  undetected  by  resistance  polari¬ 
zation  tests,  may  occur  as  the  result  of  localized  attack, 

Thus,  we ight-loss  tests  may  provide  a  more  accurate  measure 
of  the  actual  metal  surface  destruction  than  resistance 
polarization  techniques  t 

3.  Neither  resistance  polarization  nor  weight-'los.s 
techniques  may  be  able  to  accurately  indicate  actual  corrosion 
penetration  when  forms  of  localized  attack  are  present. 

4..  Computer  techniques  used  to  determine  average  polari¬ 
zation  resistance  and  steady-state  corrosion  rate  were  considered 
unsatisfactory  without  accompanying  graphical  analyses. 

5.  Based  upon  the  tests  of  this  investigation,  corrosion 
damage  to  high  purity  ii’on  may  be  most  dependent  upon  grain 
orientation,  electrolyte  agitation  (and  velocity),  and  the 
specific  impurity  composition.  Exposed  endgrains  may  be 
subject  to  considerable  localized  attack.  Over  the  pH  range 
1-7,  diffusion  or  concentration  polarization  may  occur  and 
any  electrolyte  velocity  or  agitation  may  cause  considerable 
increase  in  the  corrosion  damage.  The  effects  of  impurity 
content  upon  corrosion  rate  may  be  synergistic.  Knowing  the 
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effect  of  each  individual  constituent  on  the  corrosion  rate 
may  be  of  little  value  in  predicting  corrosion  rate* 

6.  Investigator  techniques  during  corrosion  rate  testing 
(e.g.,  the  method  used  to  provide  electrolyte  aeration)  may 
significantly  affect  the  corrosion  rates,  determined. 

7.  Cathodic  and  anodic  resistance  polarization  may 
indicate  similar  corrosion  rates;  however,  at  reduced 
electrolyte  concentrations,  significantly  more  information 
may  be  obtained  from,  cathodic  polarization-  data. 

8.  When  localized  attack  is  present,  use  of  the 
initial  exposed  surface  area  for  corrosion  rate  calculations 
may  be  unsatisfactory. 

9.  Steady-state  corrosion  potential  may  vary  with  time 
as  does  indicated  corrosion  rate.  Either  may  indicate  the 
presence  of  localized  attack.  Neither  may  indicate  the 
severity  of  the  actual  damage  when  localized'  attack  is 
present . 

10.  Elimination  of  localized  attack  from  a  corroding 
system  or  from  a  corrosion  rate  indicating  system  may  be 
impossible.  As  a  result,  corrosion  rate  indicating  systems 
may  not  adequately  indicate  the  extent  of  the  damage  done  to 
an  operational  system.  Similarly,  the  forms  of  corrosion 
acting  in  a  corrosion  rate  indicating  system  may  not 
represent  the  typos  of  corrosion  present  in  the  operational 
system.  A  correlation  between  operating  system  and  indicating 
system  corrosion  damage  has  yet  to  be  shown. 

11.  Considerable  work  remains  before  adequate  corrosion 
rate  indicating  systems  can  be  developed  for  operating  use. 
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The  effect  of  -time  on  the>  observed  steady-state  corrosion 
potential  of  high  purity  iron  I  in  aerated  and  deaerated  (hydro¬ 
gen  saturated)  IN  and  0.1N  sulfuric  acid  and  3%  sodium  chloride, 
0.5N  potassium  sulfate  environments  are  shown  in  Tables  IV -IX 
of  this  appendix.  In  addition,  the  effect  of  time  on  the 
observed  steady- state  corrosion  potential  in  deaerated  IN 
sulfuric  acid  is  also  shown  in  Figure  20.  Note  that  the 

i 

absolute  value  of  corrosion  potential  is  shown  as  the  ordinate. 

All  potentials  are  relative  to  a  standard  calomel  electrode  (SCE) . 
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Appendix  C 


The  Effect  of  lime  oil 


q£  High 


The  effect  of  time  on  the  galvanostatic  cathodic  and 
anodic  polarization  resistance  of  high  purity  iron  specimen  I 
in  aerated,  and  deaerated  (hydrogen  saturated)  IN  and  0.1N  sul¬ 
furic  acids  and  31  sodium  chloride  environments  as  determined 
using  the  laboratory  probe  described  in  Chapter  III  are  shown 
in  this  appendix.  In  addition,  the  linear  regression 
analyses  determined  maximum,  minimum,  and  ’’combined  daily” 
data  values  of  polarization  resistance  areN  also  shown.  (See 
"Polarization  Resistance  Determination”  in  Chapter  IV  for 
terminology  definitions) .  Maximum  and  minimum;  computed 
polarization  resistance  values  for  a  given  time  on  a  by  run, 
by  day.  basis  are  shown  as  broken  lines.  The  value  of  polari¬ 
zation  resistance  determined  from  "combined  daily"  data  is 
shown  as  a  Solid  line.  Note  that  at  a  gi.ven  test  time.,  if 
the  values  of  polarization  resistance  from  each  fun  are  not 
significantly  different,  either  the  maximum  and  minimum  or 
^combined"  data  polarization  resistance  values  have  been 
omitted  for  clarity  purposes.  Also,  note  that  the  abscissa 
scale  may  vary  considerably  from  graph  to  graph  and  amongst 
figures. 
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Figure  22  :  Effect  of  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  on  Hydrogen  Saturated  IN  Sulfuric  Acid  Determined  Using 
a  Laboratory  Probe.  (Cont) 
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Figure  22:  (Com)  Effect  of  Time  on  Gnlvanostatic  Anodic  Polarization  Resistance 
of  High  Purity  Iron  on  Hydrogen  Saturated  IN  Sulfuric  Acid  Determined 
Using  a  Laboratory  Probe. 
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Figure  23  :  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High: 

Purity  Iron  in  Aerated  IN  Sulfuric  Acid  Determined  Using  a  Laboratory 
Probe.  (Coni) 
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Figure  24  :  {Cont}  Effect  of  Time  on  Gnlvanostatic  Anodic  Polarization  Resistance 
of  High  Purity  lion  in  Aerated  IN  Sulfuric  Acid  Determined  Using  a 
Laboratory  Probe. 
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Figure  25:  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of 

High  Purity  Iron  in  Hydrogen  Saturated  .IN  Sulfuric  Acid  Determined 
Using  a  Laboratory  Probe.  (Cont) 
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Piguro  27:  Effect  of  Time  on  Galvonostntic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  in  Aerated  .IN  Sulfuric  Acid  Determined  Using  a  Laboratory 
Probe  (Cont) 
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Figur  27:  (Coni)  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of 
High  Purity  Iron  in  Aerated  .IN  Sulfuric  Acid  Deteimined  Using  a 
Laboratory  Probe. 
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Figure  29:  Elfcct  of  Time  on  Gnlvanostatic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  in  Hydrogen  Saturated  .5N  Sulfuric  Acid  Determined  Using  a 
Laboratory  Probe.  (Cont) 
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Figure  30:  Effect  of  Time  on  Golvanostntic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  in  Hydrogen  Saturated  ,5N  Sulfuric  Acid  Determined  Using 
a  Laboratory  Probe,  (Coni) 
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Figure  30:  (Coni)  Effect  of  Time  on  Golvanostatic  Anodic  Totalization  Resistance  of 
High  Purity  Iron  in  Hydrogen  Saturated  ,5N  Sulfuric  Acid  Determined 
Using  a  Laboratory  Probe. 
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Figure  31:  Effect  of  Time  o<  _.ilvano$tatic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  in  Aerated  .5N  Sulfuric  Acid  Determined  Using  a  Laboratory 
Probe.  (Cont) 
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Figure  32:  Effect  of  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  in  Aerated  ,5N  Sulfuric  Acid  Determined  Using  a  Laboratory 
Probe.  (Cont) 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


GAM/MC/73-8 


Appendix  D 


Efect  q£  Time  on  Galvanostatic  £ 
af  Hi gh  Purity:  Iran  L  Using  an 


Probe 


The  effect  of  time  on  the  galvanbstatic  cathodic  and 
anodic  polarization  .resistance  of  high  purity  iron  (specimen 
I)  in  aerated  and  deaerated  (hydrogen  saturated)  IN  and  0.1N 
sulfuric  acids  and  31  sodium  chloride  environments  as  deter¬ 
mined  by  using  the  experimental  probe  described  in  Chapter  III 
are  shown  in  this  appendix.  In  addition,  the  linear  regression 
analyses  determined  maximum,  minimum,  and  Mcombined  daily 
data  values  of  polarization  resistance  are  also  shown.  (See 
"Polarization  Resistance  Determination"  in  Chapter  II'I  for 
terminology  definitions) .  Maximum  and  minimum  computed  polari¬ 
zation  resistance  values  for  a  given  time  on  a  by  run,  by  day 
basis  are  shown  graphically  as  broken  lines..  The  values  of 
polarization  resistance  determined  from  "combined  daily"  data 
are  shown  as  a  solid  line.  Note 'that  at  a  given  test  time, 
if  the  values  of  polarizaiton  resistance  from  each  run  are 
not  significantly  different,  either  the  maximum  or  minimum  or 
"combined"  data  polarization  resistance  values  have  been 
omitted  for  clarity  purposes..  Also,  note  that  the  abscissa 
scale  may  vary  considerably  from  graph  to  graph  and  amongst 
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Figure  33  :  Hffcct  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  «  5  in  Hydrogen  Saturated  IN  Sulfuric  Acid 
Determined  Using  an  Experimental  Probe.  (Coni) 
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Figure  33 :  (Cont)  Effect  of  Time  on  Galvanostntic  Cathodic  Polarization  Resistance 
of  High  Puiity  Iron  with  C/A  Ratio  =  5  in  Hydiogen  Saturated  IN  Sul¬ 
furic  Acid  Detei  mined  Using  an  Experimental  Probe. 


GAM/MC/73-8 


(  i 


-X 


136 


B: 


r» si 


72  Hour 


APPLIED  CURRENT  DENSITY 

jys 

J%r 

M- 


(uarr.ps  /  cm*} 


APPLIED  CURRENT 

^DENSITY  . 

(uamps  /.  cm* ) 

<x 

Y 

s6j 

&  . 
/  , 

120  Hour 

APPLIED  CURRENT  DENSITY  (uamps  /  crn*  ) 

:  (Cont)  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  =  2.5  in  Hydrogen  Saturated  IN 
Sulfuric  Acid  Determined  Using  an  Experimental  Probe. 
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Figure  35  :  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  2  in  Hydrogen  Saturated  IN  Sulfuric  Acid 
Determined  Using  an  Experimental  Proto.  (Corn) 
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Figure  35  :  (Cont)  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  2  in  Mydrogcn  Saturated  IN  Sul¬ 
furic  Acid  Determined  Using  an  Experimental  Probe. 
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Figure  38  :  Effect  of  Time  on  Galvanostntic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  . 2  in  Hydrogen  Saturated  IN  Sulfuric  Acid 
Determined  Using  an  Experimental  Probe.  (Cont) 
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Figure  <10  :  Effect  of  Time  on  Gnlvanostatic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  2.5  in  Hydrogen  Saturated  IN  Sulfuric 
Acid  Determined  Using  an  Experimental  Probe.  (Com) 


148 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


GAM/MG/7 3- 8 


153 


/MC/73-8 


f 

\ 


) 


10  20  30  40  50 

APPLIED  CURRENT  DENSITY  (,pamps/cm2) 


10  20  30  40  50 

APPLIED  CURRENT  DENSITY  (|)amps/cm2) 


Figure  <12  :  Effect  of  Time  on  Galvnnosiatic  Anodic  Polarization  Resistance  of  Higlt 
Puiity  lion  with  C/A  Ratio  =  1  in  Hydrogen  Saturated  IN  Sulfuric  Acid 
Determined  Using  an  Experimental  Probe.  (Cort) 


152 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (M.V)  OVERVOLTAGE  (MV)’ 


GAM/MG/73- 8 


HIGH  PURITY  IRON 

Y'  ' .  Deaerated  tDN  H^Soj 

A-'-"  Experimental  Probe 

JD-  Anodic  Polarization 

—  "  C/A  Ratio:  0.5  22°C 

00  Hour  O  Run  1  O  Run  2 

—  £>  pu_  3 


APPLIED’  CURRENT  DENSITY  .  (pamps/cm*) 

o  y/x*  . 

0  /X* 

P  o  /O' 

P  o  .A 

X  •  htt-t: - r 


APPLIED 

CUR  RE 

NT  DENSITY  • 

( pamps/  err^) 

r 

Ay 

X 

tf 

9 X  A' 

d  c 

>/  y 

cr 

tfy.x 

'py 

/' 

|48  Hour 

APPLIED  CURRENT  DENSITY  (|jamps/cm  ) 

Figure  <13  :  Effect  of  Time  on  Galvanostalic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  .0  in  Hydrogen  Salinated  IN  Sulfuric 
Acid  Determined  Using  an  Experimental  Probe.  (Cent) 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV.)  OVERVOLTAGE 


GAM/MG/734 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


GAM/MC/73r8 


XT'  A  ^  & 

purity  iron 

Aerated  1£>N  H2SQ4 
Experimental  Probe 
Cathodic  Polarization 
C/ A  Ratio:  5p  22*C 

Hour!  O  Run  1  □  Run  2 

- 1  A  Run  3 


j  Hour 


DENSITY  (pamps/cm2) 


APPLIED  CURL'  DENSITY  (pamps/cm2) 


10  30  40  50 


APPLIED  CURL  DENSITY  (pamps/cm2) 

Figure  45  :  Effect  of  Time  mostatic  Cathodic  Polarization  Resistance  of  High 

Purity  lion  with  Mio  ~  5  in  Aerated  IN  Sulfuric  Acid  Determined 

Using  an  Experi  .-Yt  >c.  (Cont) 


APPLIED  CURRENT  DENSITY  (uarrips  1  cm*) 


r 


Hijuro  45  :  (Cant)  Effect  of  Time  on  Galvnnostatic  Cathodic  Polarization  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  =  5  in  Aciated  IN  Sulfuric  Acid 
Determined  Using  on  Experimental  Probe. 


GAM/MC/73-8 


00  Hour] 


,(y  HIGH  PURITY  IRON 

Aerated  10  N  H2SO.4 
Experimental  Probe 
Cathodic  Polarization 
C/A  Ratio:  2.5  22°C 

O  Runl  □  Run  2 
A  Run  3 


APPLIED  CURRENT  DENSITY  ( pamps /  cm*) 

.</ 

■  .</  □/>•*''  ~ 

■C/r yPytS 

.0  CK/A' 

yb<A' 

Ovy'P' 


APPLIED  CURRENT  DENSITY  ( pamps/ Cl»‘) 


APPLIED  CURRENT  DENSITY  (pamps/ an  ) 

:  Effect  of  Time  on  Galvanostatic  Cathodic  Pohiriralion  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  -  2.5  in  Aerated  IN  Sulfuric  Acid  Determined 
Using  an  Expoiimcntal  Probe.  (Cont) 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


GAM/MC/73-8 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


GAM/MG/73-8 


.;*  I 


GAM/MC/73- 8 


72  Hour 


APPLIED  CURRENT  DENSITY  (Damps  A  cm*) 

6 

d  /&* 

P/6®' 

dyfc- 

d/Py 

d'fP 


)G  Hour! 


APPLIED  CURRENT  DENSITY  •  (uamps  /  cm* ) 


P, 

Pxf' 


d  A* 

d'J? 

/y 

Pxy 


,r 


120  Hour 


x  J-  u-1-t..JU  J_t _ t_  i_  iJ .Ula-uL- 1-1-.1-I-J 


APPLIED  CURRENT  DENSITY  (uamps  /  cm2  ) 


47  :  (Corn)  Effect  of  Tima  on  Galvanostatic  Cathodic  Polarisation  Resistance 
of  High  Purity  hon  with  C/A  Ratio  •*  2  in  Aerated  IN  Sulfuric  Acid 
Determined  Usinu  an  Experimental  Piol)o, 


iv^-- 


’mmrnmmimtmftgiiim 


GAM/MC/73-8 


{  ) 


164 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


GAM/MC/ 7  3 -  8 


72  Hour 


APPLIED  CURRENT  DENSITY  .  (uamps  /  cm^) 


o’  y  z- 
d/# 

mr 


APPLIED  CURRENT  DENSITY  (uamps/  cm^  ) 

O'/  / 

JVX 


APPLIED  CURRENT  DENSITY  (uamps  /  cm*  ) 

Figure  48  :  (Cont)  Effect  of  Time  on  Galvanostalic  Cathodic  Polarization  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  =  1  in  Aerated  If  Sulfuric  Acid 
Determined  Using  an  Experimental  Piobc. 


OVERVOLTAGE 


00  Hour] 


'Yi\Qir\  PURITY  IRON 
Aerated  10  N  HjSC^ 
Experimental  Probe 
Cathodic  Polarisation^ 
C/A  Ratio:  0.5  22  C 

0  Run  1  □  Run  2 

&  Run  3 


.  APPLIED  CURRENT  DENSITY  ( pamps/  cm-  } 


p  □ 
&  o  ^ 
d  .  □  X 


p  ■  V- 

P  O XJ- 

P>zyP-cP  • 


- 

r 

l -1-  Ll-l-J—lJ—1  -i-UJ . 


24  H&urj 


30  40  50 


APPLIED  CURRENT  DENSITY-  ( props/ cm2) 


/X> 

c»' 

A& 


-  .pxs 

■.Cu.l-lJL_L.l-l. 


-QfX' 


08  Hour) 


10  20  30  -0 

APPLIED  CURRENT  DENSITY  (pm*;:*  /  cm  ) 

Fiaurc  49  •  Effect  of  Time  on  C&lvanostalic  Cathodic  Pobw-.tiori  Resist -ncc  of  Hi«h 
J  Purity  Iron  with  C/A  Ratio  •*  .5  in  Aerated  1-  v  «Murir.  /scri  Del.,' mined 

Uiiivj  an  Experimental  P«olte.  (Conti 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE 


APPLIED  CURRENT  DENSITY'  (jiarn^/cm2) 


jjiuro  50  :  Effect  of  Time  on  Galvanoslatic  Cathodic  Polarization  Resistance  of  High 
Purity  lion  with  C/A  Ratio  «  .2  in  Aeintod  IN  Sulfuric  Acid  Determined 
Using  an  Experimental  Probe.  (Cont) 


168 


UJ  r. 


APPLIED  CURRENT  DENSITY  (uamps/cm*) 

&  y  s 
a-  a/  ,a3 

0''  A^V.  & 

(iSO  Hour  I 


APPLIED  CURRENT  DENSITY  (damps  /  cm2 ) 

Figure  SO  (Coin)  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  -  .2  in  Aerated  IN  Sulfuric  Acid 
Determined  Using  an  Experimental  Prohe. 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLfAGE  (MV) 


GAM/MC/73-S 


10  ‘  20  30  40  50 

APPLIED  CURRENT  DENSITY  ( Ramps/ cm2) 


Figure  51  :  Effect  of  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 
Purity  lion  with  C/A  Ratio  --  b  in  Aerated  IN  Sulfuric  Acid  Determined 
Using  an  Experimental  Piobe.  (Cont) 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (  MV  ) 


GAM/MC/7'3-8 


Figure  52  ;  Effect  of  Tim.'  •  I  'inostatic  Anodic  Polarization  Resistance  of  , 
Purity  Iron  wit..  itatio  =  2.5  in  Aerated  IN  Sulfuric  Acid  Ir  • 
mined  Using  <n>  :mcntal  Probe.  (Corn) 


172 


Reproduced 
best  avails  l 


from 
avallsbie  copy. 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  :(MV) 


^GAM/MC/73-£ 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


o  . 


:/:'73-8  . 


-XT’ 

HIGH  PURITY  IROH^.. 

.(ZP^  Aerated  ID  M  'HgSO^ 
,J3^  Probe 

Anodic  Polarization 


fOO  Hour! 


Anodic  Polarization 
C/A  Ratin:  ID  22*C 
0  Run  1  □  Run  2 

A  Run  3 


APPLIED'  CURRENT  DENSITY  (pamps/cm2) 

-Do  ^ 


pppr 

b#'  nrr-rr 


24  Hour] 


APPLIED-  CURRENT  DENSITY  (pamps/cm^) 


£f 

.Cj  ! 

P- 

J*oZ* 

PoP.^ 


X 


-l_l_l_l— JU1— L-l— I— i— I _ I— 1  .1— I— l-t— 1—l—L.l  .1.1 _ l_l _ _ Jl _ I _ 1 _ L  -c _ J _ t_I _ l _ t _ l _ I _ I _ 1 

10  20  30  4  0  50 

■  APPLIED  CURRENT  DENSITY  (pamps/cm2) 

54  :  Effect  of  Time  on  Gulvanostatic  Anodic  Polarization  Resistance  of  H>gh 
Purity  Iron  with  C/A  Ratio  "  1  in  Aerated  IN  Sulfuric  Acid  Determined 
Using  an  Experimental  Probe.  (Com) 


176 


O'TPVCLTASS:  (MV)  OVERVOLTAGE!  (MV)  OVERVOLTAGE  (MV) 


GAM/MC/'/i-S 


10 


<  !  !  1  ■  i  I  i  ■  i  i  I  ■  i  i  '  I  i  ■  i  ■  1  ■  :  i  ■ 
10  20 


APPLIED  CURRENT  DENSITY 


APPLIED  CURRENT  DENSITY 


10  20 

APPLIED  CURRENT  DENCliY 

F.  '<!  :  (Cont)  Effect  of  Time  on  Gal 
of  High  Purity  Iron  with  CV  i 
Determined  Using  an  Experiut  *n*  ■ 


i  >i  »- 


’I,  rti.i  l  «  t.i 

AO 

.  1 

50 

nips  /cm2) 

.  J-l. i...|  .1.  |  .1. 

40 

i  J..s 

50 

'  imps  /  cm2  ) 

- *  111*  i  l*i-i 

40 

*mps  /  cm2 ) 

50 

■mJic  Polarization  Resistance 
-i  Aerated  IN  Sulfuric  Acid 

produced  from 
best  available  ropy. 


r 

L 

♦ 

v» 

ir 

ha 


[00  Hourl 
1  .1  -1-1  .1  ,1-L.I  J — I—  L 


^IGH  PURITY  IRON 

^  Aerated'  10  N  H2SQ4 
Experimental  Probe 
Anodic  Polarization 
C/A  Ratio:  05  22°C 

O  Run  1  □  Run  2 

&  Run  3 

i  i  i  .l  i  i  i  >  l-i— t-.i-i.  i_ 1. 1  >.  *.;J 


10  20  30  40 

APPLIED  CURRENT  DENSITY  { p.amps /  cm2 ) 


50 


:  rjtira  55  :  Effect  of  Time  on  Gnlvnnostatic  Anodic  Polarization  Resistance  of  High 

Purity  iron  with  C/A  Ratio  *  X>  in  Aerated  IN  Sulfuric  Acid  Determined 
Using  an  Experimental  Probe.  (Coni) 


i 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTA 


72  Hour 
1..I.  LJ  .l-Ll-.J. 


10  20 
APPLIED  CURRENT  DENSITY 


■  l  ■  ■  ■  l  ■  i  ■  ■  I  -»  ■  «  ■  1  ■  ■  «  ‘  l 
30  40  50 

(uamps  /cm2) 


Figure  55  :  (Cont)  Effect  o(  Timn  on  GuWancsUitic  Anodic  Publication  Resirtanca 
c>f  High  Purity  lion  with  C/A  R  ilio  ••  .5  in  Aerated  IVRdfuic  Arid 
Determined  Udng  an  Experimental  Probe. 


/MC/ 73-8 


10  20  30  40  50 

APPLIED  CURRENT  DENSITY  dpamps  /  cm2 ) 


10  20  30  40  *50 

APPLIED  CURRENT  DENSITY  (yarrips  /  cm2 ) 


Figure  GO  :  Effect  of  Time  on  Galv.tnostntic  Anodic  Polarization  Resistance  of  High 
Purity  lion  with  C/A  Ratio  -  .2  in  Aerated  IN  Sulfuric  Acid  Determined 
Using  an  Experimental  Piolw.  (Cont) 


ISO 


O  VET?  VOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLT 


GAM/MC/73-  8. 


APPLli. 

Figure  56  :  (O' 

of  < 
IV 


72  Hour 

'  i  I..I.I  JLlxj-lI i.  i..i  i  i  .l  i.x  i  i  I 

20  30  40  50 

flENT  DENSITY  (uamps  /  cm2) 


|96  Hour  |. 

"  lJLi_1— Ui-l-Jt _l-l_l.-l-l.l-i-l.l-l-.  U1-V- l-l-i-i-i-.l- I.:  t~i— 1.1 

20  30  40  50 

.TRENT  DENSITY  (uamps  1  cm2 ) 


|120  Hour  I 

'  i. _ Li _ i _ l_j _ L_i _ ■  i  I  i  i  i  i  I  i  i  ;  !  J 

20  30  40  50 

-'TRENT  DENSITY  (uamps  /  cm2  ) 


;.f  Time  on  Galvanosunic  Anodic  Polarisation  Resistance 
‘  iron  with  C/A  Ratio  -  .?  in  Aerated  IN  Sulfuric  Acid 
mg  an  Experimental  Pi  obe. 


773-8 


X 

/ 

a 


/ 


'no  G7  :  Effect  of  Time  on  Galvonoslntir 
Purity  Iron  with  C/A  Ratio  n  .• 
Determined  Using  an  Expcrimui* 


HIGH  PURITY  IRON 


Deaerated  0.1  N  H2SQ4 
’Experimental  Probe 
Cathodic  Polarization 
Cl  A  Ratio:  5JD  22  C 
O  Run  1  □  Run  2 

A  Run  3 


•  ■  t  i  ii-iiiii  i-i.  i  iii  ..t 

20  25 

;  tramps  /  cm2) 


^t-U.  i,  i  ,i  i— L-t-u  i.i_i 

20  25 

.'■lamps  /  cm4) 

-  Polarisation  Resistance  of  High 
»;-n  Saturated  .IN  Sulfuric  Acid 
(Cent) 


V 


182 


mm 


m 


::c/73-8 


5-10  15  20 


APPLIED  CURRENT  DENSITY  (uamps  /  cm2) 


l-‘!iiuro  bO  :  (Cont)  Effect  of  Time  on  Gnlvanostatic  Catholic  Pofa 
of  I  tint)  Purity  Iron  with  C/A  Ratio  s  2.15  in  hydros 
Sulfuric  Acid  Determined  Using  an  Expcrimot';«l  IVoL- 


GAM/MC/73-S 


lu 

0  c 
<  •  5 


00  Hour 


.•"•ffiGH  PURITY  IRON 

Deaerated  0.1  N  HgSC^ 
Experimental  Probe 
Cathodic  Polarization 
C/A  Ratio:  2.0  229C 

O  Run  1  □  Run  2 

A  Run  3 


.Af*r-LJ  •'’RENT  DENSITY  (pamps/cm2) 


Ul 

0  c 
<  '  5 


.o' 


?.A  Hour! 


JO^' 


TRENT  DENSITY  6|JampS/cm2) 


£r'  . 


Figure  59 


[46  Hour] 


1  1 —i,  1 .1  1  I..  1-1  i-i  ..i  1  1  -i.  i.  !•<-  1  1  i-.  t.  i-i..  i.  i_l 

8  12  1G  20 

■TRENT  DENSITY  (jjarnps  /  cm 2 ) 

on  Gilvanostatic  Cathodic  Polai  frntion  Resistance  ol  High 
■ C/A  Ratio  -■  ?  in  Hydiogen  Satin  tiled  .IN  Sulfuric  Ack 
•  ng  an  Experimental  Pi  elm.  (Conti 


;C/ 73-8 


r 


- »‘ 


Pigurc  60  :  liffc-ct  of  Time  on  Galvanostattc  Cathodic  Polnriration  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  ~  1  in  Hydrogen  Saturated  .IN  Sulfuric  Acid 
Determined  Using  an  Experimental  Probe.  (Cont) 


C/73-8 


i 

,  ) 
I- 


*« 

« 

r 


!■; 


f 

r 


'!>jUro  G1  :  Effect  of  Time  on  Galvnnostatic  Can 
Purity  Iron  with  C/A  Ratio  -  .5  in 
Determined  Using  an  Experimental  f 


190 


Reproduced  from  AA 
best  available  copy. 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  '(MV) 


GAM/MC/73-8 


5  10  15  20  25 

APPLIED  CURRENT  DENSITY  (uampS  /  cm2) 


APR-1  ED  CURRENT  DENSITY  (oamps  /  cm2 ) 


5  10  15  20  25 


APPLIED  CURRENT  DENSITY  (uarnps  t  cm2  ) 

Figure  01  :  (Coot)  Effect  of  Time  on  Galvannstalic  Cathodic  Polarization  Resistance 
of  High  Purity  Iron  wifli  C/A  Ratio  *  ,5  in  HvcRw-m  Saturated  .IN 
Sulfuiic  Acid  Determined  Using  an  Experimental  Piu'>e. 


OVERVOLTAGE  'PiV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


1  -  w  - K.  m  i  Ar "-fi 


GAM/MC/73-8 


5  10  .1.5  20  25 

APPLIED  CURRENT  "  DENSITY  (  parr.ps  /  cm2  > 


I'iyuru  62;  Hffoct  of  Time  on  (Vilvanostotic  Cathodic  I'okiri.'otion  Rr&iJnct  of  III!]!)  I 
Purity  lion  with  C/A  Ratio  *  2  m  llydroqcn  S-iUifa.cci  .IN  Sulfuric  Aud  j 
D<  turmincd  Usimj  an  Lxpci  imoutnl  Probe.  (Com)  ! 


ii 


/73-8 


,£p 

ate?' 


^4b^° 


J§^ 


[/72  Hour 


APPLIED  CURRENT  —DENSITY  (uamps  /cm2} 


A/'  /Oo 


b/s'y 

■$ZY 


96  Hour 


APPLIED  CURRENT  DENSITY  (uamps /cm2) 


X 


X '  /^/O  - 

/xx 

^xX°o-° 


jJ.U.L 


J^r°  HohhtJ 

5  10  15  20  25 

APPLIED  CURRENT  DENSITY  (uarr.ps  /  cm2 ) 

•no  62  :  (Cent)  Effect  of  Time  on  Galvanost.itic  Cathodic  Poliri?„t.on  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  -  .2  in  i lyrli ot.**n  Seiji*  .cd  .IN 
Sulfuric  Acid  Do'  t mined  Using  am  Lxp-'iinicnt-il  I’rohc. 


t«nv*y, «... 


-  /MC/73-8 


APPLIED 


'iENJ  DENSITY  ( }‘ 


Q/ 

O' 


1^8  Hour 


-  l-I.I.l  .  I  .  I..1.  I  J..1.UJLJ-  1  ,1-J.  ) 

10  15 

"ENT  DENSITY  {_ 


RITY  IRON 

-■d  0.1  N  HjjSO^ 

ntal  Probe 
Polarization 
■>:  5.0  22*C 

]  □  Run  2 

•*j  Run  3 

.  i  ■  ■  ■  ■  i  ■  ■  ■  ■  t 


i 


i 

i 

t 

i 

f 

\ 

V 

1 

j 

i 


I 


* 

» 

I 

i 


\ 

\ 

-  )~i  1 1 1  i  1 1  i  i—i 

20  25  •' 


O'"’ 


.1  <  i  i  '  i  ■  ■  ■  ■  i 

20  25 


Figure  C3:  Efff*  -  on  Galvanostatic  Anodic  '  ‘ 

Fun  *lh  C/A  Ratio  -  5  in  Hyd,< 

Aoi<?  nod  Using  on  Experiment*?  *’ 


.'.istance  of  High 
’  .IN  Sulfuric 


194 


G. 


101 


i 


ui  .. 

O  5 

< 


ui 

> 

O 


10' 


> 

2 


8 

-- 

cc 

£ 

O 


It 


> 

2 


ui 

5 

i 

> 

O 


jar 


j/ 


APPLIED  CURREJ 


.d 


APFL1ED  CURL 


APPLIED  CURf 

63:  (Cont)  Effori 
of  High  I’uriij’ 
Sulfuric  Acu1  1 1 


yt> 

iourj 

l  1’  I  i  i  1  J 

»  i  »  i  i  » 

IT 

JolTY 

{uamps 

CSy 

L 

Cyy 

'■y/ 

•KJf 

■'6 

*3 

15 

J1SITY 

( uam; 

CK'  /•" 

p/ 

yd* 

.V" 

lour] 

,i JL j,  i.i.i  .I 

15 

LNSITY  (uam; 

.  Gnlvanostatic  AikhI. 
•-7A  Ratio  »  5  in  Hv 
tJiing  an  Experimcn 


25 


.ju.j — i_iJ 


25 


UJUJLlJ 


25 


•Manco 

.IN 


C/73-8 


) 


r 


4* 


Figure  6-1:  Effect  of  Tim  *  on  Gjlvano5».<6c  Anodic  Polar  bat  ion  ric^L’ancc-  of  lliiili 
Purity  Iron  with  C/A  Ifatio  l-\5  in  Hydrru|i.n  KiiiujUd  .IN  Sohuiic 
Acid  Oelcrniined  Uiing  an  tApuiroental  Probe.  (Cent) 


1 


l 


V73-8 


72  Hour 


APPLIED  CURRENT  DENSITY  (ua'mps  1  cm2) 

Or  *X 

O'' 

O'  X  ^ 

X  xx 

xx^ 

.XX 

n  JV^-O  - 

XX(j  9S  Hour 


APPLIED  CURRENT  DENSITY  '  (uamps/cm2) 

Cf  Sufis' 

.□  (XcX 
.Cf"  OX*ix' 

X\x^ 

X’  S2J«.a3 

■  I  I  I  I  '  I  >  1  <  ■  '  ■  I  I  ■  ■  I  1-1-  I  I- 1-1  -1— L-l-i- J.y  I  -I  I  1-1  I  I  I  I  I  I 


APPLIED  CURRENT  DENSITY  (uamps  /  cm2 ) 

Pigurc  C<1:  (Gont)  Effect  of  Time  on  Gnlvnnostatic  ,\nocH  Polarization  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  •  2.5  in  Hydrogen  Saturated  .IN 
Sulfuric  Acid  Determined  Using  an  Experimental  Probe. 


197 


GAM/MC/73-* 


g 

d  0 

j  ° 

u  o 

do/ 

"I  O  /  A  x 


& 

■yis 


:  ,4VJ 


}0Q  Hour] 


HIGH  PURITY  IRON 

Deaerated  0.1  N  H-jSO.-j 
Experimental  Probe 
Anodk  Polarisation 
C/A  Ratio:  2.0  22°C 

O  Run  T  □  Run  2 
Cs  Run  ,3 


APPLIED  CURRENT  DENSITY  {p?mps/cm*} 


a  Q/ 

“  n  // 
cs  y  o' 

*  yo? 


&  O  CX 

ay  • 

,*v 


L^s 

m. 


[24  Hour} 


•  20  30  40 


APPLIED  CURRENT  DENSITY-  ( pdmps  /  trn2) 


rV 

£  y  , 

r  6  o'  rto 

i  d  o'  Y 

?  0/ 

H  r/  O 

:  a  O' 

:  dW 

■  fiBr’  E 


Hour 


i.i-j _ v.  J*j_> — 1 _ * — I  .>_  j.. 

30 


■  .  i .  4  .u.l.1.1 


APPLIED  CURRENT  DENSITY  (|iam|V  ‘  u  *  ) 

Picjuie  65:  Effect  of  Time  on  Galvt-nostati':  AnocO-  Poi  .H-ui-  1  .«•  of 

Purity  Ron  with  C/A  Ratio  *-  ?  m  Mydio“»  :  .'.ih.itis  ;\ciJ 

Determined  U»:ng  Jin  Exp-'rlnitvik'l  Pi<>!  ■>.  (i'tr<5 


19  3 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


5 


-  (■’ 
-  /V 

, 


Ft., 


CURRENT  DENSITY  (Damps  /  cm 


10  15 

CURRENT  DENSITY  (Damp:  ’ 


120  Hour 


✓0 


10  15 


CURRENT  DENSITY  (uairij 


■ii)  EHccl  of  Time  on  Golvanostatic  Anoi"' 
!>;;!)  Purity  Iron  with  C/A  Ratio  ~  2  in  II', 
•rric  Acid  Determined  Using  an  Expcrimci' 


.:/  73-8 


Piijure  66:  Effect  of  Time  on  Gaivnnoslotic  Anodic  Polarization  Hc’.istance  of  High 
Purity  Iron  with  C/A  Ratio  =  .6  in  Hytl  o<jen  Saturated  .IN  Sulfuric 
Acid  Daturmiiud  Using  -at  Expoiimontal  Probe.  (Cont) 


200 


GAM/MC/73-8 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE 


GAM/MC/73-8 


72  Hour 


APPLIED  CURRENT  DENSITY  (uamps  /  cm‘) 


Cf  O' 


A 


|96  Hour 


APPLIED  CURRENT  DENSITY  (uamps /-cm*) 


CA 

/ 


Py  0  ' 


.s>'" 


fl20  Hour  I 


5  10  15  20  : 

APPLIED  CURRENT  DENSITY  (uamps  /  cm2 ) 
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Figure  72:  (Cont)  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  -  .2  in  Aerated  .IN  Sulfuric  Acid 
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Figure  73:  Effectof  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  5  in  Aerated  .IN  Sulfuric  Acid  Determined 
Using  an  Experimental  Probe.  (Cont) 
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Figure  74:  Effect  of  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 
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Figure  75:  Effect  of  Time  on  Galvanostatie  Anodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  2  in  Aerated  .IN  Sulfuric  Acid  Determined 
Using  an  Experimental  Probe.  (Cont) 
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Figure  76:  Effect  of  Time  on  Galvanostntic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  .5  in  Aerated  .IN  Sulfuric  Acid  Determined 
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Figure  78:  Effect  of  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 

Purity  Iron  with  C/A  Ratio  =  5  in  Hydrogen  Saturated  3%  Sodium  Chloride 
Determined  Using  an  Experimental  Probe.  (Cent) 
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Figure  78:  (Cent)  Effect  of  Time  on  Gnlvanostatic  Anodic  Polarization  Resistance 
of  High  Purity  Iron  with  C/A  Ratio  -  5  in  Hydrogen  Saturated  3% 
Sodium  Chloride  Determined  Using  an  Experimental  Probe. 
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Figure  80:  Effect  of  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 

Purity  Iron  with  C/A  Ratio  =  2  in  Hydrogen  Saturated  3%  Sodium  Chiovide 
Determined  Using  an  Expoiimental  Probe.  (Cont) 
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Figure  80:  (Cont)  Effect  of  Time  on  Gslvnnostatic  Anodic  Polarization  Resistance  of 
High  Purity  Iron  with  C/A  Ratio  •-  2  'n  Hyt'ioocn.  Saturated  3%  Sodium 
Chloride  Determined  Using  an  Experimental  Probe. 
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Figure  82:  Effect  of  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  .2  in  Hydrogen  Saturated  3%  Sodium 
Chloride  Determined  Using  an  Experimental  Probe.  (Cont) 
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Figure  83:  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 

Purity  iron  with  C/A  Ratio  -  5  in  Hydrogen  Saturated  3%  Sodium  Chloride 
Determined  Using  an  Experimental  Probe.  (Corn) 
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Figure  83:  (Cont)  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of 
High  Purity  Iron  with  C/A  Ratio  1  5  in  Hydrogen  Saturated  3%  Sodium 
Chloride  Determined  Using  an  Experimental  Probe. 
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Figure  84:  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 

Purity  Iron  with  C/A  Ratio  =  2.5  in  Hydrogen  Saturated  3%  Sodium  Chloride 
Determined  Using  an  Experimental  Probe.  (Cont) 
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Figure  85:  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 

Purity  Iron  with  C/A  Ratio'-  2  in  Hydrogen  Saturated  3%  Sodium  Chloride 
Determined  Using  an  Experimental  Probe.  (Cont) 
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Figure  85:  (Cont)  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance' of 
High  Purity  Iron  with  C/A  Ratio  =  7.  in  Hydrogen  Saturated  3%  Sodium 
Chloride  Determined  Using  an  Experimental  Probe. 
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Figure  86:  (Cont)  Effect  of  Time  on  Gnlvanostatic  Cj.Kodvo  Polarization  Resistance 

of  High  Purity  Iron  with  C/A  Ratio  -  .5  in  Hydrogen  Saturated  3%  Sodium 
Chloride  Determined  Using  on  Experimental  Probe, 
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Figure  87:  Effect  of  Time  on  Galvanostatic  Cathodic-Polarization  Resistance  of  High 

Purity  Iron  with  C/A  Ratio  =  .2  in  Hydrogen  Saturated  3%  Sodium  Chloride 
Determined  Using  an  Experimental  Probe.  (Cont) 
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Figure  88:  Effect  of  Time  on  Gatvanostatic  Cathodic  Polarization  Resistance  of  High 

Purity  Iron  with  C/A  Ratio  =  5  in  Aerated  3%  Sodium  Chloride  Determined 
Using  an  Experimental  Probe.  (Cont) 
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Figure  90:  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 

Purity  Iron  with  C/A  Ratio  =•  2  in  Aerated  3%  Sodium  Chloride  Determined 
Using  an  Experimental  Probe.  (Cont) 
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Appendix  E 

Supplementary  Investigation  -  Effect,  of  Time  on 
'  Polarization  Resistance  and  Corrosion  Rate  in  Deaerated 

O.OIN  Sulfuric  Acid 

The  effect  of  time  on  polarization  resistance  and 
instantaneous  corrosion  rate  for  high  purity  iron  I  in 
deaerated  0.01N  sulfuric,  acid  are  shown  in  this  appendix. 
Anodic  techniques  were  used  to  obtain  laboratory  test  cell 
data.  Cathodic  techniques,  which  were  unuseable  for  labora¬ 
tory  test  cell  observations,  were  used  to  obtain  experimental 
test  cell  data.  Note  that  the  abscissa  scales  of  Figures  98 
and  99  are  different. 
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Table  X 

Electrolyte  pH  Data  for 
•  'O.QlN  SuTfuric  AcicT 


1  Observations 

2 

pH  Data 

Maximum 

1.80 

Minimum 

1.71 

Mean 

1.76 

■Table  XI 

Effect  of  Time  on  High  Purity  Iron  I 
Steady-State  Corrosion  Potential  in  O.OlFrSulfuric  Acid 


CORROSION  POTENTIAL  (V)  VS.  S.C.E.  • 
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Figure  98:  Effect  of  Time  on  Galvanostatic  Anodic  Polarization  Resistance  of  High 
Purity  Iron  in  Hydrogen  Saturated  .CNN  Sulfuric  Acid  Determined  Using 
a  Laboratory  Probe.  (Cont) 
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Figure  99:  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  with  C/A  Ratio  =  1  in  Hydrogen  Saturated  .01N  Sulfuric  Acid 
Determined  Using  an  Experimental  Probe,  (Cont) 
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Appendix  F 

The  Effect  of  Time  on  thg  Instantaneous  Corrosion  Rate 
q£  H i; h  Purity  Iron  L  as.  Indicaf.  Jr  Using  Resistance 
Polarization  Techniques  and  &  Laboratory  Probe 


The  effects  of  time  on  the  indicated  instantaneous  corro¬ 
sion  rate  of  high  purity  iron  (specimen  I)  in  aerated  and 
deaerated  (hydrogen  saturated)  IN  and  0.1N  sulfuric  acids  and 
3*  sodium  chloride  environments  are  shown  in  this  appendix. 

The  results  obtained  by  both  cathodic  and  anodic-  resistance  pol¬ 
arization  techniques  using  the  laboratory  test  cell  described 
in  Chapter  III  are  shown.  The  corrosion  rates  plotted  were 
calculated  using  by  run,  by  day  and  combined  daily  data  deter¬ 
minated  polarization  resistance  values.  (See  "Polarization 
Resistance  Determination"  in  Chapter  IV  for  terminology  defini¬ 
tions)  .  The  envelopes  shown  are  intended  to  display  the  approxi 
mate  ranges  of  observed  corrosion  rate  data.  Note  that  ordinate 
scales  may  vary  amongst  the  figures. 
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Figure  109:  Effect  of  Time  on  the  Corrosion  Rate  of  HighPurity  Iron  in  Hydrogen, Saturated  3%  Sodium  Chloride 
Determined  by  Cathodic  Polarization  Using  a  Laboratory,  Probe. 
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Appendix  G 

Hie  Effect  af  Time  srn  the  Tn^tantmc-Qiis  Corr.gs.ioiL  Rate, 
gf  High  Purity  I ron  I  as  Indicated  Using  Resistance  Polarization 
Techniv^^J  'and  an  Experimental  Probe 


O 


The  effects  of  time  on  the  indicated  instantaneous  corro¬ 
sion  rate  of  high  purity  iron  (specimen  I)  in  aerated  and 
deaerated  (hydrogen  saturated)  IN  and  0.1N  sulfuric  acids  and 
3%  sodium  chloride  environments  are  shown  in  this  appendix.  The 
results  obtained  by  both  cathodic  and  anodic  resistance  polariza¬ 
tion  techniques  using  the  experimental  test  cell  described  in 
Chapter  III  are  shown.  The  corrosion  rates  plotted  were  calcu¬ 
lated  using  by  run,  by  day  and  combined  daily  data  determined 
polarization  resistance  values.  (See  "Polarization  Resistance 
Determination"  in  Chapter  IV  for  terminology  definitions) . 

The  envelopes  shown  are  intended  to  display  the  approximate 
ranges  of  observed  corrosion  rate  data.  Note  that  ordinate 
scales  may  vary  amongst  the  figures. 
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Figure  116:  Effect  of  Time  on  the  Corrosion  Rate  of  High  Purity  Iron  at  Various 
C/A  Ratios  in  Aerated  IN  Sulfuric  Acid  Dctei mined  by  Anodic  Polari¬ 
zation  Using  an  Experimental  Probe.  (Cont) 
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Effect  of  Time  on  the  Corrosion  Rate  of  High  Purity  Iron  at  Various 
C/A  Ratios  in  Hydrogen  Saturated  3%  Sodium  Chloride  solution 
Determined  by  Cathodic  Polarization  Using  an  Experimental  Probe.  (Cont) 
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Figure  122:  Effect  of  Time  on  the  Corrosion  Rate  of  High  Purity  Iron  at  Various 
C/A  Ratios  in  Hydrogen  Saturated  3%  Sodium  Chloride  Solution 
Determined  by  Anodic  Polarization  Using  an  Experimental  Probe.  (Cont) 


Corrosion  Rate  (microns/year)  Corrosion  Rate  (microns/year)  Corrosion 


Corrosion  Rate  (microns/year)  Corrosion  Rate  (microns/year)  Corrosion  Rafc? 


GAM/MC/73-8 


il 


Lz'o-.  il&iis  ivi  f£& 


GAM/MC/73-8 


Corrosion  Rate  (microns/year)  Corrosion  Rate  (miorons/year)  Corrosion 


GAM/MG/73-a 


s 


GAM/MC/73-8 

Appendix  H 

Indicated  Steady-State  Corrosion  Rates 
q£  High  Purity  Iron  I  is  a  Laboratory  Test  Cell 

The  indicated  steady- state  corrosion  rate  ranges  for 
high  purity  iron  I  in  a  laboratory  test  cell  are  shown  in 
this  appendix.  Results. were  obtained  using  graphical  tech¬ 
niques  for  each  of  the  environments  and  test  techniques  used 
during  this  investigation.  Each  test  cell  configuration,  wH 
coded  according  to  table  XIX  of  Appendix  * K  .  The  letter  C 
or  A  following  the  configuration  classification  number  indi¬ 
cates  that  cathodic  or  anodic  galvanostatic  resistance  polari¬ 
zation  techniques  were  used. 
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Table  XII 

Laboratory  Test  Cell  Indicated  Steady-State 
Corrosion  Rate  Range 


Test  Cell 
Configuration 


Corrosion  Rate  (microns /year' 


Minimum  f  Maximum  Range 


*data  convergence  and  stabilization  with  time  were  not 
observed. 
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Appendix  I 

Ihfi  Eff££i  of  Experimental  Prohl  ClA.-Rati.QL  Oil  th&. 

Indicated  Steady-State  Corrosion  Rate  of  High  Purity  Iron  J_ 

The  effect  of  varying  experimental  probe  cathode-to- 
anode  (C/A)  surface  area  ratio  on  the  '‘steady-state"  corro¬ 
sion  rate  obtained  using  resistance  polarization  techniques 
is  shown  in  this  appendix.  The  investigation  was  done  using 
high  purity  iron  I  in  each  of  the  selected  environments  -  IN 
and  0.1N  sulfuric  acid  and  31  sodium  chloride/o. 5N  potassium 
sulfate.  Computed  steady- state  corrosion  rates  were  obtained 
using  linear  regression  techniques  ■  (See  "Steady-State  Corrosion 
Rate  Determination"  in  Chapter  IV) .  These  "computed  steady- 
state  rates"  are  also  shewn  in  Tables  XIII-XV  .  "Graphic  rate 
range"  data  were  obtained  by  analyzing  the  figures  of  Appendix 
F.  Note  that  a  computed  rate  is  not  shown  if  this  rate  fal'is 
outside  the  graphic  rate  range.  In  addition,  note  that  ordinate 
scales  may  vary  amongst  figures.  The  configuration  classifica¬ 
tions  are  coded  according  to  Table  XIX  of  Appendix  K  .  The 
letter  C  or  A  following  the  configuration  classification  indi¬ 
cates  that  cathodic  or  anodic  galvanostatic  resistance  polari¬ 
zation  techniques  were'  used. 


CORROSION  RATE  (microns /year)  CORROSiON  RATE  (microns /year)  ■ 


CORROSION  RATE  (microns  /year)  CORROSION  RATE  (microns /year) 


.GAM/MC/73-8 


4  (  ) 


GAM/MC/73-8 


f  ■ 


HIGH  PURITY  IRON 

Deaerated  0.1  N  H2SQj 
Experimental  Probe 
Cathodic  Polarization 

C  Computed  Steady-state  Rate 
J  Graphic  Rate  Range 


Ul 

S 

“  400 


z 
O 
t n 

O  200 


C/A  RATIO 


Anodic  Polarization 


£  600 


4UU  - 

1  ■•■II 


O 

a  200 

O 

O 


C  /A  RATIO 

Figure  127:  Effect  of ‘C/A  Ratio  on  the  Steady-State  Corrosion  Rate  of  High 

Purity  Iron  in  Hydrogen  Saturated  .IN  Sulfuric  Acid  Determined  by 
Cathodic  Polarization  Using  an  Experimental  Probe. 
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Figure  128:  Effect  of  C/A  Ratio  on  the  Steady-state  Corrosion  Rate  of  High 
Purity  Iron  in  Aerated  .IN  Sulfuric  Acid  Determined  by  Cathodic 
Polarization  Using  an  Experimental  Probe. 
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Figure  129:  Effect  of  C/A  Ratio  on  the  Steady-state  Corrosion  Roto  of  High 
Purity  Iron  in  Hydrogen  Saturated  3%  Sodium  Chloride  Solution 
Determined  by  Cathodic  Polarization  Using  an  Experimental  Probe. 
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C/A  RATIO 


Anodic  Polarization 


C  /A  RATIO 


Figure  130:  Effect  of  C/A  Ratio  on  the  Steady-state  Corrosion  Rate  of  High 
Purity  Iron  in  Aerated  3%  Sodium  Chloride  Solution  Determined 
by  Cathodic  Polarization  Using  an  Experimental  Probe. 
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Table  XIII 

Computed  Steady -State  Corrosion. Rates  in  IN  Sulfuric  Acid 


Using  an  Experimental  Probe 


Test  Cell  C/A 

Configuration  Ratio 


Steady-State  Rate 
(mierons/year) 


Standard 

Deviation 


t-test 
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Table  -XIV 

Computed  Steady-State  Corrosion  Rates  in  0.1N  Sulfuric  Acid 


Usrinu  an  Experimental  Probe 


Test  Cell 
Configuration 


Steady-State  Rate 
.(microns/year) 


Standard  t-tes 
Deviation 
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Table  XV 

Computed  Steadi-State  Corrosion  Rates  in  31^  Sodium  Chloride 

Usine  an  Exoerimental  FroHe 


Test  Cell 

C/A 

Configuration 

Ratio 

12C 

5 

2.5 

2 

6.5 

0.2 

12A 

5 

2.5 

2 

0.5 

0.2 

14C 

5 

2.5 

2 

0.5 

0.2 

14A 

5 

2.5 

2 

0,5 

0.2 

Steady-State  Rate 
(microns/year) 


Standard 

Deviation 


t-test 
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Appendix  J 

The  Effect  of  Time  on  Polarization  Resistance  and 

Instantaneous  Corrosion  Eat g;  of  High  Eur.il>:  Iron.  II 

The  effects  of  time  on  polarization  resistance  and  indi¬ 
cated  instantaneous  corrosion  rate  of  high  purity  iron  II  in 
deaerated  (hydrogen  saturated)  IN  sulfuric  acid  are  shown. 
Only  cathodic  polarization  techniques  were  used. 
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Table  XVI 


Electrolyte  pH  Data 
for  IN  Sulfuric. Acic 


Observations 


pH  Data 
Maximunr 
Minimum 
Mean 


0.39 

0.38 

0.385 


Table  XVII 


Effect  of  Time  on  Steady- State  Corrosion  Potential  of 
rrr-, -w  . .  -  irc,n  j j-  in  Deaerated  IN  Sulfuric  Acid-' 


CORROSION  POTENTIAL  (V)  VS.  S.C.E 


HOURS 


00 

24 

48 

72 

-.4620 

-.4280 

-.4260 

-.4270 

-.4910 

-.4730 

- .4690 

-.4700 

'i  <ih  •'  r- & 1  1  m  •wrwmtmmm I 
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Table  XVIII 


See  Table  XIX  Appendix  K  for  configuration  classification 
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Figure  132:  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  II  with  C/A  Ratio  =  3  in  Hydrogen  Saturated  IN  Sulfuric 
Acid  Using  an  Experimental  Probe.  (Conti 
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OVER  VOLTAGE  (MV)  OVERVOLTAGE  (MV),  OVERVOLTAGE 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 


GAM/MC/73-8 ' 


Figure  133:  Effect  of  Time  on  Galvanostatic  Cathodic  Polarization  Resistance  of  High 
Purity  Iron  II  with  C/A  Ratio  =  2  in  Hydrogen  Saturated  IN  Sulfuric  Acid 
Using  an  Experimental  Probe.  (Cont) 


OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV)  OVERVOLTAGE  (MV) 
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Figure  133:  (Cont)  Effect  of  Time  on  Galvanostatic  Polarization  Resistance  of  High  Purity 
Iron  II  with  C/A  Ratio  K  2  in  Hydrogen  Saturated  IN  Sulfuric  Acid  Using  on 
Experimental  Probe. 
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Appendix  K 

Wg.igh^-Lg&s  Iss.t.ing  Results 

Weight  loss  tests  were  conducted  concurrently  with 
resistance  polarization  tests.  Data  collected  were  classi¬ 
fied  by  the  electrolyte,  electrolyte  concentration,  degree 
of  aeration,  and  probe  type  used  during  testing.  These 
classifications  are  shown  in  Table  XIX.  The  number  of 
observations,  highest  and  lowest  observed  corrosion  rates, 
and  the  calculated  mean  corrosion  rate  are  shown  by  class 
in  Table  XX  .  Corrosion  rate  data  are  shown  in  units  of 
microns/year  and  mils/year  to  facilitate  comparison  with 
data  from  other  sources. 
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Table  XX 
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Corrosion  Rates  Determined  from  Weight-Loss  Tests 


Class 

Observations 

Weight  Loss  Test.  Corrosion  Rates 

Highest 

Mean 

Lowest 

1 

6 

1223/49 

989/39 

648/26 

2 

8 

1122/45 

859/34 

674/27 

3 

6 

’  2150/86 

1342/53 

1019/41 

4 

12 

1482/58 

787/31 

613/24  ; 

5 

4 

.  1858/74 

1556/61 

1175/47 

6 

12 

633/25 

537/21 

434/17 

7 

8 

19S8/78 

1564/62 

1015/40 

8 

9 

945/38 

732/29 

550/22 

9 

2 

720/29 

640/25.5 

560/22 

10 

3 

678/27 

567/23 

475/18 

11 

3 

93/3.7 

59/2.3 

39/1,5 

12 

6 

93/3.7 

90/3.6 

83/3.3 

13 

3 

185/7.4 

149/5.9 

111/4.4 

14 

•9 

342/13.4 

247/9.7 

167/6.7 
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Appendix  L 

Photomicrographs  si  Specimens  From. 

Various  Test  Configurations  En.yiromnent.S 

This  appendix  contains  photomicrographs  made  of  various 
specimens  used  during  this  investigation.  The  specimens  of 
which  the  photomicrographs  were  taken  were  used  in  various 
environments  throughout  the  investigation.  Specimen  condi¬ 
tions  emphasized  by  the  photomicrographs  were  characteristic 
of  conditions  noted  throughout  the  investigation. 
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Figure  138:  Approximate  Center  of  the  Exposed  Surface  of  a  V  cm^  Laboratory  Specimen  of 

High  Purity  Iron  !  After  120  Hour  Immersion  in  Aerated  IN  Sulfuric  Acid  (1000X) 


Figure  139  Approximate  Center  to  Circumference  of  Exposed  Surface  and  Unexposed  Surface 
of  1  cm2  Laboratory  Specimen  of  High  Purity  Iron  I  After  120  Hour  Immersion 
m  Deaerated  0.1N  Sulfuric  Acid  (20X) 


Reproduced  from 
best  available  copy. 
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Figure  142:  Approximate  Center  of  Exposed  Surface  Area  of  1  cm2  Laboratory  Specimen  (Figure  139) 
of  High  Purity  Iron  I  After  120  Hour  Immersion  in  Deaerated  0.1N  Sulfuric  Acid  (200X) 


Figure  143 


Approximate  Contor  to  Circumference  of  Exposed  Surface  and  Unoxposcd  Surface  of 
1  cm2  Laboratory  Specimen  of  High  Purity  Iron  II  After  120  Hour  Immersion  in 
Deaerated  IN  Sulfuric  Acid  (20X) 
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Figure  144:  Approximate  Center  of  Exposed  Surface  of  1  cm  Laboratory  Specimen  (Figure  143) 

of  High  Purity  Iren  11  After  120  Hour  Immersion  in  Deaerated  IN  Sulfuric  Acid  (200X) 
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14b  Approximate  Center  of  Exposed  Surface  of  1  tirr  Laboratory  Specimen  (Figure  143) 

"*  Hnjb  Puniy  lion  II  Alter  120  Houi  Immersion  in  Deaerated  IN  Sulfuric  Acid  (500X) 


o 

figure  140  Approximate  Center  of  Exposed  Surf«.ie  of  1  cnV4  Laboratory  Specimen  of  High  Purity 
Iron  I  After  120  Hour  Immersion  m  Aerated  3%  Sodium  Chloride/0.5N  Potassium 
Sulfate  (500X) 


F  M/  Approximate  Center  of  Exposed  Surface  of  1  cm2  Laboratory  Specimen  of  High  Punty 
Iron  I  After  120  Hour  Immersion  in  Aerated  3%  Sodium  Chloride/0.5N  Potassium 
Sulfate  (1000X) 


Reproduced  from 
best  available  copy. 


o 

Figure  148:  Unexposed  (bottom)  Surface  of  10  cm  Experimental  Specimen  of  High  Purity  Iron 
After  120  Hour  Immersion  in  IN  Deaerated  Sulfuric  Acid  (20X) 


Figure  149.  Increased  Magnification  of  Unoxposed  Surface  (Figuie  148)  of  High  Puri*y  Iron  I 
After  120  Hour  Immersion  in  IN  Deaerated  Sulfuric  Acid  (100X) 


Figure  152:  Exposed  Circumferential  Surface  of  5  cnrr  Experimental  Specimen  of  High  Purity 
Iron  I  After  120  Hour  Immersion  in  Deaerated  3%  Sodium  Ch!oride/0.5N  Potassium 
Sulfate  (20X) 
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Pitted  Area  nn  Exposed  Circumferential  Surface  of  5  cm^  Experimental  Specimen 
tFrijure  I52>  of  High  Purity  Iron  I  After  120  Hour  Immersion  m  Deaerated  3'. 


Sudi. »m  CMni'de  0  5N  Potassium  Sulfate  (500X) 


Figure  154:  Exposed  End  of  2  cm^  Experimental  Specimen  of  High  Purity  Iron  II  After  120 
Hour  fmmersion  in  Deaerated  IN  Sulfuric  Acid  (20X) 


F.gure  155.  Exposed  End  of  2  cnrr  Experimental  Specimen  of  High  Purity  Iron  II  After  120 
Hour  Immersion  in  Deaerated  IN  Sulfuric  Acid  (100X) 
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Figure  160:  Polished  Surface  of  a  Laboratory  Specimen  (Figure  136)  After  120  Hour  Immersion 
in  Aerated  IN  Sulfuric  Acid  (1000X) 
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Appendix  M 

Linear  Regression  Rrocram  Instructions 

The  procedures  followed  to  obtain  general  information 
about  and  operating  instructions  for  the  linear  regression 
program  used  in  this  investigation  are  contained  in  this 
appendix . 
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USER  ID  -ENS.T 
PASSWORD— 

PR 03 LEM  NO.— 

C'R0.SDnM72B9R 
SYSTEM  7CARD 

OLD  OR  NEW-0  ENSLI3/F0RTRAN/IREGRESS,R 

READY 

♦LIST 

THIS  IS  A  DOUBLE  PRECISION  REGRESSION  PROGRAM.  IT  ALLOWS  YOU  TO 
RUN  A  NUMBER  OF  DATA  SETS  AND  NUMEROUS  PR03LEHS  ON  EACH  SET  IN 
ONE  SET-UP. 

VARIOUS  TRANSFORMATIONS  OF  THE  DATA  ARE  ALLOWED. 

IF  YOU  DESIRE  TO  OBTAIN  A  LISTING  OF  THE  SET  UP  INSTRUCTION  ENTER 
POLL OWI  MG  STREAM  OF  C  OMMMA  N.DS : 

SYSTEM7CARD 

OLD  OR  NEW?0  ENSLIB/CARDIN/REGRESSP ,R 

READY 

♦RUN 

SNUMB  #  P011T 
CARD  FORMAT,  DISPOSITION? 

ASIS 

TAB.  CHARACTERS  AND  SETTINGS? 

(HIT  THE  RETURN  KEY) 

THE  SET-UP  INSTRUCTIONS  WILL  BE  PRINTED  AT  THE  CE  PRINTER. 

IF  YOU.  DESIRE  TO  LIST  THE  INSTRUCTIONS  AT  YOUR  TERMINAL  YOU  MAY 
ENTER  THE  FOLLOWING: 

**  .  * 

SYSTEH7CARD 

OLD  OR  NEW70  ENSLI8/F0RTRAN/RSETUP,R 

READY 

♦LIST 

IT  WILL  NORMALLY  TAKE  5  TO  10  MINUTES  TO  PRINT  THE  ENTIRE  LIST  OF 
INSTRUCTIONS  SO  THIS  PROCEDURE  SHOULD  NOT  BE  USED  IF  PEOPLE  ARE 
WAITING  FOR  THE  TERMINAL. 

SINCE  THE  SET  UP  INSTRUCTIONS  SHOW  YOU  HOW  TO  SET-UP  AND  RUN 
THE  OBJECT  DECK  YOU  WILL  NOT  GET  A  PRINT  OUT  OF  THE  FORTRAN  VERSION 
OF  THE  PROGRAM.  IF  YOU  DESIRE  TO  OBTAIN  A  COPY  OF  THE  FORTRAN  PRO¬ 
GRAM  IN  ORDER  TO  CHAGF.  THE  PROGRAM,  IT  CAN  BE  ATTACHED  FROM  THE 
CARDIN  -OR  EDITOR  SYSTEMS  BY  THE  FOLLOWING  COMMAND: 

OLD  0^  MEW?  0  ENSLIB /FORTRAN/REGRESS ,R  ■ 


350 


GAH/MC/73-8 


Appendix  N 

Data  Treatment  Computer  Program 


Thi^  appendix  contains  a  listing  of  the  computer  program 
used'  to  compete  and  tabulate  resistance  polarization  and 
corrosion  rate  data.  This  program  was  compatible  with  the 

AFLC  CREATE  System.  Previous  investigators^3*  used  a 

/ 

similar  program  which  was  compatible  with  the  CDC  6600 
computer.  The  specific  uses  of  the  program  used  during  this 
investigation  are  listed  in  "Daily  Corrosion  Rate  Determination" 
of  Chapter  IV.  The  program  and  all  computer  output  from  this 
investigation  are  available  from  the  Department  pf  Mechanics, 
School  of  Engineering*  Air  Force  Institute  of  Technology. 
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Special  Data  Preparation  Instructions 


Data  Card 
Numbet 

Foinnat 

Card  Number- 

Card  Contents 

1 

300' 

ft  *  ft_ ,  density,  equivalent 

a  C  1 

• 

weight 

2 

16  • 

Anode  surface  area 

3 

31 

Electrolyte  concentration 

40 

Must  be  changed  if  other 
than  sulfuric  acid  is  used 

4 

51 

Number  of  runs  (IMAX) 

Number  of  days/run  (JMAX) 

5 

70 

Electrolyte  pH  data.  Enter 
.  potential  as  absolute  quantity. 

If  no  data  available,  set 
■  EPT(l)  *  1 

■  I  MAX 

130 

Steady-state  corrosion  poten-' 
tial,  ECORR  (I,J) .  If  no 
data  available  set  ECORR  (1,1) 

>  1. 

Test  Data 

185 

196 

240 

Top  card:  KM AX,  M,  N 

Data  card:  KMAX  +  1  cards 

Slope  card:  S(M,N) 

Top  card: 

• 

• 

281 

• 

• 

Slope  card:  S  (IMAX,  JMAX) 

Slope  cards:  R(J) 
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Mitchell  Kuhnle.  After  graduation  from  Milford  Mill  High 
School,  Baltimore,  Maryland  in  1959,  he  entered  the  U.  S. 
Coast  Guard  Academy  at  New  London,  Connecticut.  In  June 
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CGC  Pontchartrain  (WHEC-70) , and  commanded  the  CGC  Cape 
Higgon  ’(WPB  95302)  before  entering  flight  training  at  NAS 
Pensacola,  Florida  in  1965.  Upon  completion  of  flight 
training  in  1966,  he  was  assigned  to  the  CG  Air  Station, 

St.  Petersburg,  Florida,  as  a  search  and  rescue  pilot  of 
the  HU-16E  amphibian  and  the  HH  52A  Helicopter.  After 
attending  the  Aircraft  Maintenance  Officer  course  at 
Chanute  AFB,  Illinois  in  1968-1969,  he  was  assigned  as  the 
Chief  of  Maintenance  at  the  CG  Air  Station,  San  Diego, 
California.  In  June  1971,  he  was  assigned  to  the  Air  Force 
Institute  of  Technology  to  undertake  studies  leading  to 
Master  of  Science  degrees  in  Aerospace-Mechanical  Engineering 
and  Systems  Management. 

Address:  3637  Sussex  Road 

Baltimore,  Maryland 

This  thesis  was  typed  by  Miss  Donna  J.  Schuh. 
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